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In 1978 Ekama and Marais put forward a general model for the activated 
sludge process based on an energy requirement for adsorption of the 
nutrient onto the organisms. They briefly outlined an alternative 
bi-substrate hypothesis in which the energy requirement for adsorption 
fell away. No evidence in support of this alternative hypothesis 
was presented. The objective of this thesis was to investigate which 
of the two hypotheses gave the better description of the activated 
sludge process kinetics. When the adsorption hypothesis was replaced 
by the bi-substrate hypothesis in the general model and applied to the 
completely mixed activated sludge process and their predictions com~ 
pared with experimental data, it was not possible to establish con-
clusively which hypothesis is to be preferred. As a consequence it 
was decided to test the two models under extreme conditions. The 
contact stabilization process was selected as the one presenting a most 
severe test of the predictive power of any hypothesis on activated 
sludge kinetics, and most likely therefore to establish the superiority 
of one hypothesis over the other. 
In order to obtain experimental data against which the hypotheses 
could be evaluated a series of laboratory scale tests on the contact 
stabilization process were conducted under time invariant and cyclic 
flow and load conditions at two temperatures, 12°C and 20°C. 
From a comparison of the experimentally observed and theoretically 
predicted data it was concluded that an additional factor had to be 
taken into account before a valid comparison could be made - whereas 
the general activated sludge theory accepted a rapid and complete 
enmeshment of influent particulate COD, in the contact reactor the 
experimental data indicated incomplete enmeshment in the short contact 
time available. When allowance was made for partial enmeshment in 
the predicted response of the system it was concluded that the bi-
substrate hypothesis was superior to the adsorption one. 
ii 
Theoretical analyses of plant behaviour indicated that the nitrifi-
cation response is particularly sensitive to slight changes in the 
nitrification rate constants. This was borne out by the experimental 
results where it was found that virtually every sewage batch showed 
different nitrification response characteristics. It was concluded 
that consistency in nitrification response would only be obtained if 
artificial substrates were utilised. 
The kinetic constants defin~ng the bi-substrate hypothesis initially 
were taken to be the same as those determined from the experimental 
data of Ekama and Marais. Under the• extreme conditions in the contact 
stabilization process it was found that only one of these constants, 
the maximum specific growth rate utilizing soluble substrate, K , ms 
had to be modified in order to obtain good correspondence between the 
experimental data and theoretical predictions. The use of this 
modified constant in the ge~eral activated sludge theory had incon-
sequential effects on the predictions, and can therefore be taken to 
constitute an improved evaluation as it allows for the general theory 
to be extended over a greater range of processes. 
The model appears to be sufficiently reliable to be used as a tool 
for analysing a design under any proposed cyclic conditions. 
Due to the partial enmeshment in the contact reactor there is a 
relatively high COD concentration in the effluent. As nitrification 
is also partial in the contact reactor, the TKN concentration in the 
effluent tends to be high. These two behaviour characteristics 
make the process unsuitable for application as a final treatment 
method in South Africa. It may however find application as an 
intermediate treatment facility to reduce high COD concentrations 
before discharge to a sewer system. 
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Maximum fraction of stored solids with 
respect to active mass. 
Nitrogen content of the sludge. 
Fraction of influent TKN in the ammonia 
form. 
Soluble unbiodegradable organic nitrogen 
fraction. 
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Saturation coefficient for nitrosomanas. 
Organic nitrogen to ammonia conversion 
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Influent ammonia concentration adjusted mg N/R, 
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nitrogen. 















General parameter for oxygen consumption 
rate. First subscript a, e, s, c, n or 
t refers respectively to adsorption, 
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carbonaceous, nitrification or total 
oxygen consumption rate. A second sub-
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actor or overall process respectively. 
A further subscript t refers to the 




COD equivalent of volatile solids mg COD/mg VSS 
Mixed liquor pH value 
General parameter for the influent flow. 
First subscript e, r, w refers respec-
tively to effluent flow, the recycle flow 
and the waste flow. A further subscript 
refers to the value at time t. 
£/d 
Daily influent flow vector for process £/d 
value. Subscript t refers to the flow 
value at time t. 
Steady state waste flow rate. £/d 
General parameter for hydraulic reten- d 
tion time. Subscripts a or n refer to 
actual or nominal values respectively. 
Additional subscripts c or s refer to 
contact or stabilization reactors res-
pectively. 
Sludge age. Additional subscript m refers d 
to the minimum value required for 
nitrification. 
Recycle ratio. 
Sludge loading rate. 
Substrate utilization rate. Subscripts 
a, v or t refer to the value in terms 










General parameter for substrate con-
centrations. The first subscript b, 
u or t refers respectively to the bio-
degradable, unbiodegradable soluble 
and total concentrations. Second sub-
script s and p added onto b refer to 
biodegradable soluble and particulate 
substrate respectively. Additional 
subscripts i, c, s, p, r or e refer 
to the influent, contact reactor, 
stabilization reactor, process, re-
cycle flow or effluent flow. 
Influent inert particulate COD con-
centration. 
Temperature 
General parameter for time. 
VSS Volatile Settleable Solids 
V General parameter for volume. Sub-
scripts c, s or prefer respectively 
to contact, stabilization or process 
overall. 









General parameter for sludge concen-
tration. First subscript a, s, e, i, 
n, v or t refers respectively to active, 
stored, endogenous, inert, nitrosomonas, 
volatile or total solids. A second sub-
script i, r, w, e, c, s or prefers 
respectively to influent, recycle, waste, 
effluent, contact reactor, stabilization 
-reactor or overall process values. A 
further subscript t refers to the value 
at time t. 
Active, stored and endogenous residue 
solids concentrations. Additional sub-
scripts i or g refer respectively to 
concentrations lost or gained through 
biological reaction. 
Yield coefficient for heterotrophic 
organisms utilizing stored substrate. 








mg VSS/mg COD 






Fractional distribution of sludg·e 
between contact reactor and overall~ 
process. 
Fractional distribution of sludge 
between stabilization reactor and 
overall process. 
Prefix denoting the change in the 
parameter. 
Integration step length 
COD removal efficiency. Subscripts c 
or s refer to contact or stabilization 
reactors respectively. 
Nitrification efficiency. Subscripts 
t or e refer to theoretical or experi-
mental values respectively. 
General parameter for pH dependency 
coefficients. Subscripts h or n refer 
to heterotrophic organisms or nitrosomonas 
respectively. Additional subscripts a, s 
or e refer to adsorption, synthesis or 
endogenous respiration rates respectively. 
Specific growth rate of heterotrophic 
organisms. Subscript m refers to the 
maximum value 






* Additional subscripts T or 20 refer to the values at T°C or 20°C 
respectively 
# Additional subscripts p or 7,2 refer to the values at pH= p or 
7,2 respectively. 
Values of Kinetic Constants 
Values of Kinetic and Other Constants Utilized in the Theoretical 
Model for the Contact Stabilization Process are given in Table 4.13 
on page 4.52. 
1.1 
C H A P T E R 0 N E 
INTRODUCTION 
Since 1968 one of the main research aspects undertaken by the Public 
Health Section of the Department of Civil Engineering at the Univer-
sity of Cape Town has been the investigation of the activated sludge 
process in waste water treatment. This research has culminated in the 
development of a generalised activated sludge model which describes 
the behaviour of the process over a wide spectrum of cyclic load and 
flow coriditi.ons and process configurations (Ekama and Marais, 1978). 
The model of Ekama and Marais was originally based on what, for con-
venience, can be called the Adsorption HyPothesis. This hypothesis 
states that the COD substrate found in domestic sewage is of an essen-
tially particulate Dature, that prior to assimilation adsorption of 
this mate~ial onto the organisms is necessary, and that energy is re-
quired for this adsorption process. Application of the model has 
generally given response predictions in conformity with observed data. 
Ekama and Marais in their report mentioned that the observed response 
possibly could be explained equally well by hypothesising that the 
influent sewage consists of two different substrates, one soluble and/ 
or readily assimilable and the other particulate and more slowly 
assimilable, and that whereas adsorption of the particulate substrate 
is still required, adsorption itself is not an energy requiring process. 
This hypothesis, called the Bi-substrate Hypothesis, has been developed 
fully and incorporated into an amended version of the original model. 
With due calibration, the bi-substrate theory has given marginally 
better predictions compared to the adsorption theory. However, these 
improvements were not marked enough to establish in a conclusive manner 
whether the bi-substrate hypothesis is preferable to the adsorption 
hypothesis. 
1.2 
A decisive assessment of the two hypotheses should be possible if the 
two versions of the model can be compared where the activated sludge 
process is operating under "extreme" conditions. For example, iri the 
Contact Stabilization Process (CSP), because of its configuration and 
hydraulic flow pattern, a small percentage of the sludge removes the 
organic matter from the influent during a very short contact period. 
Correct prediction of the behaviour of the con~act reactor response 
under cyclic flow conditions can be considered to be an extremely 
severe test of any general activated sludge process model. 
Ekama and Marais (1978) applied the adsorption hypothesis to the CSP 
and compared model predictions with the CSP experimental results 
published by Gujer and Jenkins (1972). These results were obtained 
on plants operating under steady flow and load conditions. While 
very good correlation was obtained for the nitrification process, the 
model predictions for the removal of carbonaceous material showed an 
unsatisfactory correlation with the published data. However, the com-
parison could not be made in a rigorous manner as the data reported by 
Gujer and Jenkins wer~ in an incomplete form. 
In order to check the theoretical model rigorously, it was decided to 
generate experimental data on a laboratory scale CSP unit under steady 
and cyclic loading conditions. The response data would provide a basis 
upon which the predictions of the two hypotheses could be compared in 
order to assess which provided the more accurate prediction of the re-
sponse of the CSP. This thesis deals with the theoretical and experi-
mental investigation undertaken to assess the merits of the adsorption 
and bi-substrate hypotheses in predjct:ing the response of the contact 
stabilization process. 
Chapter Two consists of a review of the literature on activated sludge 
with particular reference to the CSP. 
Chapter Three develops the bi-substrate hypothesis and applies it to 
the CSP model. 
1.3 
Chapter Four gives a description of the experimental investigation;' 
the data is presented and analysed. 
Chapter Five illustrates the design applications of the model. 
In Chapter Six the conclusions drawn from the investigation are 
presented. 
2.1 
C H A P T E R T W 0 
A REVIEW OF THE LITERATURE 
2.1 CARBONACEOUS DEGRADATION 
According to Stanbridge (1977), the first breakthrough in the evolu-
tion of modern sewage treatment was made by Pasteur in 1862 when he 
distinguished between aerobic and anaerobic bacteria. However, in 
1882 it was still thought that oxidation of organic matter in sewage 
was a chemical process, with oxygen being derived from the air during 
the passage of the sewage over, or through the soil. In 1882, Dr. A. 
Smith was the first of several investigators who attempted to achieve 
a similar result by blowing air through sewage, but they all found 
oxidation was a very slow process, requiring weeks to obtain a satis-
factory effluent. 
The next advance was the development of the biological filter. It was 
observed that when sewage was filtered through a coarse filter material, 
initially little purification was achieved until a gelationous film 
formed on the surfaces of the filter media, whereupon a satisfactory 
effluent was produced within the comparatively short period the sewage 
trickled through the filter. The improvement in the rate of purifica-
tion apparently was associated with the growth of this film, consequently 
investigators enquired into the feasibility of developing such a film 
without the need of supporting media. The floe thus produced could then 
be mixed with the sewage and held in contact with it under aerobic con-
ditions to achieve the oxidation of the carbonaceous matter. 
achievedearly in the 20th Century by Ardern and Lockett. 
This was 
Ardern and Lockett (1914) noted that a floe developed if a batch of 
sewage was aerated for a long period. When this floe was separated 
from the effluent and added to a further sample of sewage, the floe 
rapidly increased with a concomitant increase in the clarification rate 
of the sewage added. The floe or sludge thus generated was called 
"active" to distinguish it from sludges obtained directly from settle-
ment of raw sewage and which did not possess the clarification property. 
2.2 
I 
In this way the designation "activated sludge" crune into use. In 1915 
Ardern and Lockett applied their discovery to the development of con-
tinuous laboratory scale and pilot scale processes to establish the 
"activated sludge process". They designed the first full scale acti-
vated sludge plant for Worcester, England, in 1915. 
A schematic diagrrun of a "conventional" activated sludge plant is shown 
in Fig. 2.1. 
The technique of sludge reaeration was first incorporated in Manchester's 
Davyhulme Works, built in 1921. Sludge reaeration requires that the 
sludge return flow from the settling tank is aerated for a selected 
period of time before it is mixed with the incoming sewage at the head 
of the main reactor. This reaeration technique repeatedly reappears in 
the history of the activated sludge process, and a schematic layout of 
the process is shown in Fig. 2.2. 
Haseltine (1961) reports that in America the first full scale activated 
sludge plant was commissioned in 1917 at Houston, Texas, and that use 
was made of sludge reaeration. The advantages attributed to its use 
were: "the use of sludge reaeration would probably effect a saving of 
20% in tank volume, permit a shorter mixed liquor aeration period and 
effect a slight saving in air consumption", (U.S. Public Health Bulle-
tin No.123). This reduction in volume results from the fact that the 
densified sludge from the settler is reaerated in its concentrated 
form in the reaeration zone. However, by about 1940, reaeration of 
sludge in full scale plants, which up to that time had been limited to 
about 10% of the total aeration volume, was falling out of favour in 
the United States. Although its use was still common practice in 
Britain, very little evidence was produced to evaluate its effective-
ness. 
In America, from about 1940, Gould, Hatfield, Kraus and others experi-
mentally investigated the use of reaeration, but with large percentages 
of the aeration volume being set aside for the reaeration. Hatfield 












Fig. 2.2 Diagrammatical layout of a conventional activated sludge 
process utilizing reaeration. 
2.4 
reaerat~on. Later, Haseltine (1961) reported that the system would 
be more efficient if up to 50% of the total volume was set aside for 
reaeration. Kraus (1955) developed a variation in which only a por-
tion of the return activated sludge was reaerated. Gould (1942) 
patented a step aeration process which allowed for the variation of 
the reaeration from between 25% and 75% of the total. Ulrich and Smith 
(1951 and 1957) developed what they called the "Biosorption process" 
to overcome the bulking and overloading problems occurring at the 
Austin Plant in Texas. This is simply a reaeration plant with approxi-
mately 70% of the volume set aside for reaeration. When operating as 
a conventional works, the plant was unable to handle an average flow 
of 22,5 M£/day without severe bulking problems. However, after con-
version to the Biosorption process it could treat satisfactorily 52 to 
60 M£/day with no additional aeration tank capacity. Bulking problems 
disappeared and the- effluent quality improved. A contact time of only 
15 to 30 minutes removed between 85 and 99% of the organic matter from 
the influent. This was explained by theorising that "the activated 
sludge adsorbs and absorbs a very high percentage of both the suspended 
solids and dissolved pollutional material". The sludge, with the ad-
sorbed material, is then densified in the clarifier and "aerobically 
digested" in the reaeration zone in preparation for recycling back into 
the contact zone. 
Zablatsky, Cornish and Adams (1959) coined the name "contact stabili-
zation" for the process where the bulk of the 'aeration volume is set 
aside for reaeration. They undertook an investigation, as a result of 
which the Bergen County sewage treatment facilities were modified from 
a conventional activated sludge process to the contact stabilization 
process. Oxygen requirements, stabilization time, mixed liquor contact 
time and load factors were all developed experimentally, both by 
laboratory scale batch experiments and full scale modifications until 
the most satisfactory results were obtained. The process was highJ_v 
efficient and was far less sensitive to shock loads. Frothing and 
bulking problems were greatly reduced and the existing aeration tank 
capacities were found to be adequate for treatment of at least twice 
the design loading for the conventional process. 
2.5 
Grich (1961) conducted an investigation into the operation of four 
"reaeration" plants. He found that these were far less sensitive to 
severe cyclic loadings and that the aeration volume capacity require-
ment was greatly reduced. He assumed that the system operated by 
adsorption of the organic matter by the sludge in the contact zone 
and assimilation of that matter in the reaeration zone. He found that 
a paper pulp waste, while requiring a similar contact period to an 
ordinary sanitary waste, required a far longer reaeration period. To 
explain this, he hypothesized that whereas the more complex organic 
material is adsorbed by the sludge as rapidly as for the sanitary waste, 
a longer detention period is required for the breaking down and assimi-
lation of the more complex matter. 
Up to the early 1960's, the approach to the development of the contact 
stab'ilization process was on an ad hoc basis. When the need arose, 
work was done in optimizing the process to solve a specific problem, 
mainly by trial and error, often within the framework of an existing 
plant. No attempt was made to rationalise the kinetics of the process, 
although it was generally believed that the organic waste is adsorbed 
by the sludge floe during the brief contact period and is assimilated 
subsequently during the longer reaeration or stabilization period. 
Early attempts to establish some theoretical rationale for the con-
tact stabilization process is principally due to Ohron and Jenkins 
(1972) and Gujer and Jenkins (1975). We shall now deal with these two 
theoretical models in sequence. 
Ohron and Jenkins -----------------
One of the first attempts to rationalize the contact stabilization 
process kinetics was made by Ohron and Jenkins (1972). They based 
their model on the hypothesis that the two phases of biological ac-
1 
tivity, namely growth and decay, are essentially split between the two 
reactors; that only ceil growth is significant in the contact basin, 
whereas nicro-organism decay predominates in the stabilization basin. 
2.6 
The kinetics of their model is defined by the following equations 
Contact Substrate Removal Rate: 
(S - S ) 
0 c 
qc = t X 
c c 
where 
s = influent substrate concentration 
0 
s = contact tank substrate concentration c 
t = nominal retention time in contact tank c 
x = sludge concentration in contact tank. c 
Net Sludge Growth Rate in the Contact Tank: 
where 




R = recy~le flow 
i 
' 
F = influent flow 
X = sludge concentration in stabilization tank. 
s 





x - x r s 
t x 
s s 
X = sludge concentration in the recycle flow 
r 










- s1 ). 
v x + v x c c s s 
where 
s1 = effluent substrate concentration 
V ,V = contact and stabilization tank volumes respectively. c s 
Overall Process Sludge Growth Rate: 
(F - w)X1 + wXc 
µn = V X + V X 
c c s s 
where 
w = waste flow rate from the contact tank 
x1 = sludge concentration escaping in the effluent. 
(2.4) 
(2.5) 
Ohron and Jenkins furthermore defined a and B as the fractions of the 
total sludge in the contact and stabilization tanks respectively, i.e. 
v x 
c c a=------v x + v x 
c c s s 
and 
v.x 
s s B = ---"---v x + v x 
c c s s 
thus 




In the course. of their investigations, Ohron and Jen~ins found that 
when the contact stabilization process was operated with a low value 
of a, i.e. the loading rate in the contact reactor was very high, the 
rate of sludge production was lower than for a conventional activated 
sludge plant. Furthermore, they found that the nett sludge growth can 
2.8 
be described to vary linearly with the contact substrate removal rate, 
q , (Eq. 2.1), according to the equation: 
c 
µ = y q - k 
nc c c de 
where 
Y = growth yield coefficient (mg VSS/mg COD utilized) 
c 
·. 
kdc = organism decay rate in contact reactor. 
(2.9) 
In terms of their theory a yield coefficient value of Y = 0,74 mg VSS 
c 
produced/mg COD utilized was necessary to fit their data. This is more 
than double the yield coefficient previously reported for conventional 
activated sludge plants. Ohron and Jenkins justified this high value 
by referring to work done by Menar and Jenkins (1967) who reported 
yield factors of up to 0,73 mg VSS/mg COD for very high substrate re-
moval rates in the conventional activated sludge process. It is in-
teresting to note, however, that if it is hypothesized that only storage 
and enmeshment of COD takes place in the contact reactor without any 
assimilation (an hypothesis directly opposite to that proposed by Ohron 
and Jenkins), the net sludge growth rate would be given by 
1 µ = ( - )q - k 
nc P c de 
where 
P =the COD equivalent of volatile solids. 
Now P is reported in the literature to be equal to 1,42 so that 
1 - = 0 70 p ' 
whereas 
Y = 0,73 in Eq. (2.9) . 
. c 
The analysis above demonstrates that two directly contradictory hy-
potheses of behaviour produce values of sludge yield coefficients within 
5% of each other. This raises the point that another factor, apart from 
2.9 
the substrate removal rate and the sludge growth rate, must be monitored 
to establish the relative occurrence of growth and death in the two re-
actors. Gujer and Jenkins (1975) attempted to achieve this by intro-
ducing the concept of process mass balances. 
Gujer and Jenkins -----------------
Gujer and Jenkins chose the oxygen equivalence of a substance as their 
mass balance parameter and developed the following mass balance equations: 
For the overall process: 
qCOD = µniw + rh 
For the contact reactor: 




where i = conversion factor for the wasted sludge kg COD/k VSS. Sub-
scripts w, gc and ds refer to the waste sludge, contact reactor 
and stabilization reactor respectively. 
= heterotrophic respiration rates. 
In their experimental study, Gujer and Jenkins accepted four basic 
independent variables, namely, process loading, temperature, recycle 
ratio and the fractional distribution of the sludge mass between the 
two reactors. Of the four, they found that only temperature and pro-
cess loading had a significant effect on sludge production; the recycle 
ratio and fractional distribution of sludge between the two reactors 
had very little effect on the mass of sludge produced. With this ob-
servation they refuted the finding of Ohren and Jenkins (1972) that 
the contact stabilization process produced less sludge than a conven-
tional process at high process loading. The observed values of the 
dependent variables, namely respiration rate, rh, and net sludge growth 
rate,µ , were plotted against a range of values of the overall process 
n 
COD removal rate, qcon· The experiments were done at 11 and 21°C and 
least square linear regression analysis was done on each of the plots 
2.10 
to produce the values of a and bin Eqs. (2.13 to 2.16). 
r 
h = a .qCOD + b (2.13) 
:r:hc = ac.qCOD + b c (2.14) 
rhs = a s"qCOD + b s (2.15) 
]Jn = a'. qCOD + b' (2 .16) 
This linear form of equation to describe the kinetics of the activated 
sludge process has been widely adopted by researchers. For example, 
Adams and Eckenfelder (1970) undertook a study to compare the response 
of completely mixed activated sludge plants under steady and transient 
loading conditions. They used a modification of the Garrett and Sawyer 
(1952) model defined by two equations: 
s - s 






K = a'q + b' 
r 
where 
q = average substrate removal rate per unit of 
volatile solids 
s = overall substrate removal rate coefficient 
s = 
0 
influent substrate concentration 
s = effluent soluble substrate concentration e 
x = average biological solids concentration v 
t = reactor retention time (days) 
K .... specific oxygen uptake rate (mg o
2
/day/mg MLVSS) r 
(2.17) 
(2.18) 
a' = oxygen use rate coefficient for synthesis (mg o
2
/mg BOD) 
b' = endogenous oxygen use rate coefficient (per day). 
2.11 
The values of a' and b' a.re obtained from plotting experimentally ob-
served values of K against q and fitting a straight line to the data.• 
r 
This approach is identical to that employed by Gujer and Jenkins for 
the contact stabilization process as outlined previously. 
However, Adams and Eckenfelder found that their model had to be cali-
brated for various loading conditions. This requires a laboratory 
study to be run which closely simulates expected full scale conditions 
for each design application of the model in order to establish the 
relevant values of K , a' and b'. 
r 
They found in general that under 
transient loading conditions the average substrate removal rate, K1 , 
an'd the endogenous rate of specific oxygen uptake, b', tend to in-
crease compared with the values for steady state conditions, but 
there appeared to be no predictable pattern to this increase, and, the 
values obtained were very different from those found by Gujer and 
Jenkins (1972). 
It would seem that the linearized approach of the above two models 
does not eijtirely define the kinetics of the activated sludge process. 
Gujer and Jenkins (1972) and Eckenfelder (1970) acknowledge this in 
their papers and both suggest that the discrepancies found in their 
investigations may be due to adsorption of the substrate by the 
organisms. This would not be evident in a purely steady state study, 
but becomes important in ~ spatially varied process such as contact 
stabilization, or under dynamic loading conditions. 
In order to obviate the need for laboratory calibration of models for 
each design application obviously it would be desirable to have one 
general model of the activated sludge process which would have fixed 
constants applicable to all aspects of the process. For this to 
become a reality a method has to be found to theoretically predict the 
sludge growth, decay, and respiration rates which are independent of 
the loading conditions imposed on. the process. The first step in 
this development was taken by McKinney (1962) when he established the 
2.12 
theoretical importance of the sludge age or solids retention time and 
stated that the volatile sludge was made up of active, endogenous 
residue and inert fractions. The active fraction contains the live 
biological organisms, the endogenous residue is the unbiodegradeble 
fraction of the organism remaining after death, and the inert fraction 
is the particulate unbiodegradeble volatile material in the influent 
which accumulates in the reactor. The three fractions of the sludge 
vary with the sludge age. Since the specific substrate removal rate 
has in the past been expressed relative to the total sludge con-
centration, the equation relating sludge growth rate to substrate 
removal rate cannot produce a straight line. (Marais and Ekama, 
1976). 
Marais and Ekama utilized McKinney's ideas on the constitution of the 
sludge. 
follows: 
SUR = v 
and 
SUR = a 
where 
They defined two different substrate utilization rates as 
(Sbi - Sb) Q (2.19) 
x v 
v p 
(Sbi - Sb) Q (2.20) 
x v a p 






and active sludge concentrations respectively 
= biodegradable COD concentration in influent 
(mg COD/£) 
= biodegradable COD concentration in effluent 
(mg COD/£) 
= X + X + X. = total volatile sludge concentration 
a e i 
(mg VSS/£) 






= concentration of unbiodegradable endogenous 
residue (mg VSS/£) 
= concentration of unbiodegradable volatile 
particulate matter introduced with the influent 
(mg VSS/£) 
= total volume of the process (i) 
= influent flow (£/d) 
2.13 
The true Food to Micro-organism Ratio (F/M) of McKinney is given by 
SUR , but due to the difficulty of establishing the value of the 
a 
active fractions of the sludge, most previous models have attempted 
to approximate F/M with SUR . Marais and Ekama set out to develop 
v 
a model which would overcome these difficulties. 
In developing their theory for the steady state solution of single 
reactor completely mixed systems, they based it on the following 
conceptual model of the biological growth kinetics involved in the 
activated sludge process: 
When an organism is brought into contact with a biodegradable energy 
source 
(i) "The energy is utilised by the organism to synthesis organism 
mass: a fraction of the energy is incorporated as organism 
mass, the rest is lost as heat. The fraction lost as heat 
is directly proportional to the oxygen utilised. 
(ii) Concomitantly with (i) above, but distinct from it, there is 
a loss of live mass to provide energy for cell maintenance, 
called endogenous respiration. Not all the live mass that 
disappears per se is lost as energy, approximately 20 per cent 
remains as unbiodegradable organic residue, called endogenous 
residue. A mass of oxygen must be supplied proportionately 
to the volatile mass that disappears from the system". 
2.14 
In a single completely mixed reactor under steady state loading 
conditions only the net responses can be measured. Hence, because 
the original model was only derived for steady state loadings, 
storage of energy by the organisms was not incorporated. For the 
quantitization of the model the following problems had to be resolved: 
(i) At what rate is the energy incorporated into the cell? 
(ii) What fraction of the input energy is incorporated as cell 
mass? 
(iii) What is the rate of endogenous mass loss? 
The sythesis of new cell material from the energy removed from the 










maximum specific growth rate of the organisms 
(mg VSS/mg VSS/d) 
concentration of biodegradable COD surrounding the 
organisms (mg (COD/£) ) 
substrate concentration at which the specific growth 
rate of the organisms is equal to half the maximum 
specifiG growth rate (mg COD/£) 






y K s.. 
m -b X 




K = m 
growth yield coefficient, being the mass of organisms 
synthesized per.unit of mass COD utilised 
(mg V.ABS/mg COD utilised) 
2.15 
In the activated sludge pr:ocess the object is to maintain the sub-
strate concentration S a~s low as possible, so Ks >> S and 
Eq. (2.22). can be written 
ax a 






The energy lost or the oxygen equivalent lost during synthesis 
expressed as COD is equal to the oxygen required, and is given by 
the difference between the energy input and the energy actually 
synthesized into VSS 
dO = ( 1 - PY)d8b 
where 
dO = oxygen required (mg o2 ) 
p = COD equivalent of volatile solids (mg COD/mg VSS) 
= energy input (mg COD) 




= bx a 
(2.24) 
(2.25) 
b = specific endogenous respiration rate 
(mg VASS/mg VASS/d) 







f b x 
a 
fraction remaining as endogenous residue 
2.16 
(2.26) 
The nett energy released as COD during endogenous mass loss is given 
by the oxygen equivalent of the mass that disappears from the system 
dO 
dt = P ( 1 - f )bX (2.27) a 
In order that the concentration of inert material, Xi' be quantified 











S + s + s . 
bi ui p1 
total influent COD (mg COD/i) 
biodegradable influent COD (mg COD/£) 
soluble unbiodegradable influent COD (mg COD/£ ) 
particulate unbiodegradable influent COD (mg COD/£) 
(2.28) 
No differentiation is made between soluble and particulate biode-
gradable COD, as they both seemed to be equally amenable to biode-
gradation. 
The accumulation of inert material is described by 
dX. 
l 
dt = .(2.29) 
2.17 
Now, by doing a process mass balance on 
following equations are described 













Y(Sbi - Sb) . Rs 
( l + bRs). R 







1 + KRX a 
= 
R s 
1 + bR 
s 
YKR s 
sludge age (days) 
the mass of sludge wasted every day 
total mass of sludge in the system 
hydraulic retention time (days) 






and the oxygen demand per litre of process volume per day can be 
written as 
dO/day = 
( 1 - PY)(Sbi - Sb) 
R 
+ P( 1 - f )bX 
a 
(2.34) 
Marais and Ekama undertook an extensive experimental investigation to 
establish the values of Y, b, K and P. The values of Y and b 
were found to be extremely difficult to establish simultaneously from 
a set of data as a compensatory effect of one on the other made it 
possible always to select a value of~ Y and b such that the 
experimental data was consistently reproduced. Finally, b was 
established independently by conducting aerobic digestion tests, and 
from this the corresponding value of Y was established. 
arrived at are given below: 
The values 
2.18 
y = 0,43 mg VASS/mg COD 
b = 0 ,21~ !!lg VASS/mg VASS/day 
K = 0,07 i/mg VSS/day 
p = 1,48 mg/COD/mg VSS 
Eqs. (2.30 and 2.31) contain the parameter R. However, this is a 
process parameter, not a kinetic parameter. To keep the model com-
pletely general, Marais and Ekama introduced the concept of mass para-
meters, which were defined as follows: 
M( L'IS) = Q(Sbi - Sb) (2.35) 
Y.R 
M(X ) v.x s M( L'IS) = = a a 1 + R (2.36) s 
M(X ) = v.x = f.b.R .m(X ) e e s a (2.37) 
s 
M(X.) = v.x. = ~ R .Q p . l l s (2.38) 
M(O ) 
s dO.V (1 - PY) M( L'IS) (1 - f)P.b.M(X ) = = + day a 
(2.39) 
Figure 2.3 shows how the various mass parameters vary with sludge age. 
From this figure it can be seen very clearly how the fractional com-
position of the sludge changes with sludge age, and hence, the extent 
of the error introduced by approximating the F/M ratio by SUR . v 
In terms of this model SUR and SUR can be defined as follows for 
a v 




- M(X ) 
a 
= 
which can be written 
l/R = Y.SUR - b 
s a 
l/R + b 
s 
y 
















y'h=0,43 i bh= 0, 24 
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Fig. 2.3 Relationship between the masses of sludge fractions and 
daily oxygen demand with sludge age in the reactor for unit 










= = M(~) y l/R + f.b s . 
MX = MX + MX for settled sludge. 
v a e 
Eq. (2.42) can be written 
l/R s = 








Similarly the oxygen utilization rates, which previously were written 




= a' SUR + b' v 







( 1 - PY) SUR + ( 1 - f) P b a 
(. 1 - PY) SUR + ( l - f) . p . b 




If Y and b are constant then Eqs. (2.43 and 2.46) when plotted 
against l/R and MO/MX plotted against SUR are curved lines passing 
s v v 
through the origen not straight lines as indicated by Eqs. (2.41 and 
2.45) respectively, the constants obtained are not directly related 
to Y and b, therefore, the approximation on which the previous models 
are based, can only be of use for deriving ad hoc parameters for a 
specified waste over a specified range of R . s 
Thus the previous 
' models are not suitable for development of a general activated 
sludge process model. 
2.21 
In 1918 Ekama and Marais applied their model to space and time 
dependent dynamic loading conditions. They undertook an extensive 
experimental project to test their model's predictions of kinetic 
parameter behavioural patterns under transient loading conditions. 
Because of the complexity of the calculations involved in modelling 
dynamic conditions, digital computer programs were WTitten to 
facilitate the evaluation of the kinetic behaviour. 
During the experimental investigation they found that the model as 
concieved for steady state loading patterns could not satisfactorily 
explain certain observations when applied to dynamic loading conditions. 
The deficiencies in the model are clearly illustrated in Fig. 2.4 
reproduced from Ekama and Marais (1918). The figure shows the model 
predictions compared to the experimental observations in a single 
reactor, square wave loading pattern test at 20°C and a sludge age 
of 2,5 days. There are two main factors the model does not predict 
satisfactorily: (1) The oxygen demand, is overpredicted during the 
non-feed period and (2) the COD concentration is predicted as 
following the cyclic loading pattern, whereas it is observed 
experimentally to stay virtually constant over the entire feed cycle. 
The observed response of the experimental unit would seem to suggest 
that the rate of substrate removal fro~ the liquid phase is faster 
than the rate of synthesis. Consequently, while the substrate 1s 
being added to the system, storage takes place. Once the supply ceases, 
synthesis with its high energy requirement continues until the supply 
of stored substrate is depleted. 
To obtain an improved agreement between the model and the experimental 
observations it was found necessary to incorporate two additional steps: 
(i) The provision of a mechanism whereby the substrate is 
stored on the active fraction of the sludge mass at a 
rate which is dependent on the concentration of substrate 
in the surrounding liquid 
(ii) The utilization of the stored substrate for synthesis 
at a rate which is dependent upon the concentration of 
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Although the two kinetic modifications gave a better agreement 
between observed and theoretically predicted value, these did not 
explain the precipitous drop in the oxygen demand immediately sub-
sequent to the feed termination (see Fig. 2.4). 
The behaviour of the oxygen demand rate seemed to indicate that there 
is a high rate energy absorbing · mechanism involved in the biological 
kinetics which commences immediately the substrate comes into contact 
with the organisms and ceases as soon as the influent flow is inter-
rupted. Ekama and Marais first attempted, unsuccessfully, to link 
this sudden drop in oxygen demand to the nitrification kinetics of 
the process. They finally hypothesized that the adsorption of the 
substrate by the active mass is an energy absorbing process. Accept-
ing this hypotheses an intensive experimental study of the extent of 
the drop in oxygen demand was conducted, and from these results, 
together with the work done by Stern and Marais (1974) and Wilson and 
Marais (1976) on observations in the primary anoxic zone of a denitri-
fication plant, Ekama and Marais concluded that 7,8% of the influent 
COD is utilized in the adsorption of the substrate by the active mass. 
They found that their experimental observations of the adsorption 
mechanism were best described by a modification of the equation pro-
posed by Blackwell (1971) .. Blackwell proposed that the rate at which· 
the substrate is removed from the liquid is given by 
dSb X 








substrate transfer rate constant (mg COD/mg VSS/d) 
maximum fraction of substrate that can be incorporated in 
the sludge mass sotred (mg VSS/mg VSS) 
stored substrate concentration (mg VSS/£) 
Ekama and Marais introdvced two modifications in proposing Eq. (2.48) 
by making it into ( 1) a first order equation· ,with respect to the substrate 
concentration (Sb) and (2) dependent on the active organism concentra-
tion (X ) 
a 
dSb X 
K S X (f - __£_) dt = - a· b" a ma X 
a 
where 
" K = substrate adsorption rate coefficient a 
2.24 
(2.48) 
f = maximum fraction of stored solids with respect to active mass ma 
The rate at which substrate is stored on the organism is given by 
dS 
dS = (1 - f ) _s 
s ca dt 
where 
S = stored substrate in terms of COD s 
(2.49) 
f = fraction of COD removed from the liquid phase utilized for ca 
adsorption i.e. 0 ,078 
Now S can be expressed in terms of VSS as follows s 
S = P.X 
s s 
where 
X = stored COD in terms of VSS 
s 
P.dX 
Therefore dt sg = ( 1 - f ca) 
(2.50) 
(2.51) 
In terms of the adsorption energy hypothesis the energy required to 
adsorb the concentration of substrate, X , is given by the oxygen sg 
consumed during the adsorption phase: 
i.e. 0 = f a ca 
where 




Ekama and Marais still utilized a Monod-type relationship to define 
the synthesis of cells from the substrate, but instead of relating it 
to the surrounding substrate in the liquid, they now relate it to the 





Y. K + (X P) xa 
s s 
K (X P) 
m s 
X P = the COD equivalent of the stored substrate 
s 
(2.53) 
The oxygen demand for synthesis is taken as the difference between 
the total COD released from storage, and that fraction which is 
synthesised to new cell material. 
i.e. K (X P) 





0 s = oxygen demand for synthesis (mg o2/t/day) 
(2.54) 
As a portion of the influent COD is required to provide energy adsorp-
tion, the value of y has to be adjusted from o,43 to o,48 but this 
constant is the only one that needs to be changed. 
The predictions of this 'adsorption model' can be compared with the 
experimentally observed responses in Fig. 2.5. It can be seen that 
the cyclic oxygen demand behaviour is now accurately predicted. 
In their model, Ekama and Marais proposed two alternative theories for 
the endogenous respiration. In the first approach the net results only 
are modelled, and the internal mechanisms which produce those results 
are disregarded. In essence, this approach assumed that a large cell 
is formed, which with time feeds on itself to provide energy for cell 
maintenance, resulting in its progressive decrease in size until is dies, 
leaving only the unbiodegradable endogenous residue. As this internal energy 
can only be of use to the cell through the use of a terminal electron ac-
ceptor, the process has an oxygen demand which can be equated to the COD 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































utilized in Ekama and Marais' model for steady state conditions and 
the equations defining the process have been discussed earlier. 
In the second approach, attempt is made to take account of the mechanisms 
involved in the growth/death process. It is hypothesised that when 
the 'death' of a cell occurs, the biodegradable fraction of the cell 
is lysed back into the liquid where it becomes part of the biodegrad-
able substrate. It subsequently passes through the same phases of 
\ 
adsorption, storage and synthesis as the influent substrate, with the 
same oxygen demands. The unbiodegradable fraction accumulates in the 
form of endogenous residue. In this approach, then, it is assumed 
that endogenous respiration in the form of cell maintenance does not 
occur at all, that the only processes requiring oxygen in the life cycle 
of the organisms are the adsorption of the substrate and the synthesis 
of new cells. 
Ekarna and Marais (1978) modelled both hypotheses and compared the 
results with experimental observations. They found that both pro-
duced very similar results, which accurately predicted the observed 
response, and so they decided to incorporate the simpler first approach 
into their model. 
In the conclusions to their report, Ekama and Marais propose an alter-
native to the adsorption hypothesis to explain the behaviour of the 
process oxygen demand under cyclic loading conditions. They hypothe-
sized that (1) the influent substrate consists of two fractions; 
(a) a soluble, easily assimilable fraction which does not require 
adsorption and storage prior to assimilization and (b) an essentially 
particulate fraction which requires adsorption prior to assimilization. 
(2) the adsorption of the particulate material does not require energy. 
According to the alternative hypothesis the utilization of the easily 
assimilable fraction of the influent substrate is in accordance with 
Monod's equation, but with a very high utilization rate constant and 
a low half saturation constant, similar to the utilization of free 
and saline ammonia by the nitrosomonas in the nitrification. In terms 
of this hypothesis the sharp reduction in the oxygen consumption rate 
observed at the abrupt termination of ·reed is due to the cessa-
tion of the oxygen demand for the synthesis reaction utilizing the easily 
biodegradable solu'Q,le COD. 
2.28 
During the course of this investigation the model has been adapted to 
include this alternative hypothesis, with very satisfactory results. 
The observed cyclic variation in oxygen demand is accurately pre-
dicted. Furthermore, whereas with the energy adsorption theory the 
lowest sludge age at which the modelled process remained stable at 
14°c is 3,4 days. In the bi-substrate hypothesis the minimum stable 
sludge age is lower, i.e. 1,5 days at 14°C. The stable operation of 
1,5 days is near the limit observed in practice, hence the bi-sub-




The oxidation of ammonia to nitrate is known as nitrification. In 
1877 Schloesing and Muntz demonstrated that nitrification is a bio-
logical mediated reaction. Initially the removal of ammonia from 
waste waters was not considered necessary, as dilution in natural 
waterways reduced the concentration to below toxic levels. In fact 
it was considered undesirable in the activated sludge process as 
· denitrification (which is the biological reduction of nitrates to 
gaseous nitrogen) in the settler gave rise to problems with floating 
sludge during the settling process. However, as the volumes of 
waste water increased the toxic effects of ammonia on higher forms of 
. aquatic life began to manifest themselves. Added to this was the 
fact that nitrification has a high oxygen demand, and if it takes 
place in a natural waterway it can lead to serious deoxygenation. 
A further.problem in the discharge of effluents into natural waterways 
is that of eutrophication.· The high concentrations of nitrogen and 
phosphorus in effluents results in massive algae growth in the water 
ways, lakes and dams which receive them, and the natural ecology suffers. 
Control of eutrophication can be effectively achieved by limiting the 
amount of nitrogen in the effluent. This is accomplished by design-
ing activated sludge plants that denitrify, which in turn requires 
that full nitrification of the influent must also be provided for in 
the plant. 
2.29 
Biological nitrification takes place in two sequential steps, each 
step involving a different autotrophic bacteria species, namely 
nitrosomonas and nitrobacters respectively: 
(1) Nitrosomonas convert free and saline ammonia to nitrite as follows: 
(2.55) 
(2) Nitrobacter convert nitrite to nitrate as follows: 
No; + ! o2 + nitrobacter + No3 (2.56) 
From a survey of the literature, it is evident that the first step is 
the limiting one. Not only is the specific growth rate of nitrosomonas 
very much slower than that of nitrobacter, it is also very much more 
sensitive to temperature and pH changes as well as the presence of 
toxins in the influent. The limiting effect of the first step in the 
process is evidenced by the extremely low concentrations of nitrite 
normally found in nitrified effluents. As a result of this most 
nitrification models have concentrated on the growth characteristics 
of the nitrosomonas. 
Kinetic studies of nitrification in the activated sludge process have 
only been undertaken relatively recently. One of the first was done 
by Downing, Painter and Knowles (1964). They based their model on 
the Monad formulation, and by doing so set the pattern for most other 
investigators. They were the first to introduce the concept of a 
minimum sludge age for nitrification which is defined as the sludge 
age at which the nitrosomonas grow at a rate just greater than the 
rate at which they are removed from the reactor in the wasted sludge. 
Other models based on the Monod formulation were proposed by Lijklema 
(1973), Poduska and Andrews (1974) and Gujer (1977). 
A feature of the nitrification process as opposed to the biodegrada-
tion of carbonaceous matter, is that the nitrifiers are specific 
organism types which utilize a specific soluble substrate in a readily 
assimilable form. These conditions are in fact essentially those 
2.30 
under which Monod derived his relationship, and would explain why the 
Monod approach gives such a satisfactory description of the process. 
In the literature however, there is a very wide range of values proposed 
for the Monod constants. This dispersion of values is probably due 
to the exclusivity of action of the nitrifying organisms. In the 
carbonaceous biodegradation process there are a great number of 
different organisms which perform a similar function. If the prevail-
ing conditions do not suit a specific organism, it is simply replaced 
by one which can thrive under the particular set of conditions. 
Hence carbonaceous degradation kinetics is relatively insensitive to 
moderate physical and chemical variations in the influent and 
process. However, as only nitrosomonas and nitrobactl"I' can perform 
the nitrifying process, the sensitivity of the whole process is 
dependent on the sensitivity of these two types of bacteria. 
Because of the uncertainty evident in the establishing of the Monad 
constants for nitrification, Ekama and Marais (1978) proposed their 
own modification of the theory, and experimentally established values 
for the constants. As with their investigation into the carbonaceous 
biodegradation, they started off by dividing the influent sewage up 
into its constituent fractions. They found that the influent nitro-
genous matter (Nti) was composed as follows: 
N . + N . + N . + N . 
al Ol Ul pl 
(2.57) 
where 
N . = concentration of free and saline ammonia in the influent (mg N/£) 
al 
= 
N . = 
Ul 
= 
N . = 
pl 
f .Nt. na l 
(2.58) 
concentration of soluble unbiodegradable organic nitrogen 
in the influent (mg N/£) 
f .Nt. nu l 
(2.59) 
concentration of particulate unbiodegradable organic nitrogen 
in the influent (mg N/£) 











= concentration of biodegradable organic nitrogen in the influent 
(mg N/£) 
= (1 - f ).Nt. na i N . Ul N . pl (2.61) 
As in earlier models, the kinetics of the nitrosomonas were considered 
to be the limiting factor, and in fact it was assumed that·the nitrifi-
cation of ammonia to nitrate was a one step process, dependent on the 
Monad formulation of nitrosomonas specific growth rate. 
µn = (K + N ) 
n a 
where 
= specific growth rate of nitrosomonas (per day) 
µnm = maximum specific growth rate of nitrosomonas '(per day) 
K = saturation coefficient (mg N/£) 
n 
N = ammonia concentration (mg N/£) a 
(2.62) 
It would appear from experimental observa~ion that adsorption and 
storage of substrate by the nitrosomonas do not take place. Ekama 
and Marais (1978) put this down to the fact that the substrate, 
ammonia, is in a soluble and easily assimible form. Hence, they 






X = concentration of active nitrosomonas (mg VSS/£) n 
b = endogenous respiration rate bf nitrosomonas (per day) n 
(2.63) 
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The rate of utilization of ammonia was related to the synthesis of 
nitrosomonas 
-(µ /Y )N 
nm n a 





Y = yield coefficient of nitrosomonas from ammonia utilized 
n 







+(µ /Y )N 
nm n a 
(K + N ) 
n a 
nitrate concentration (mg N/i) 
(2.64) 
(2.65) 
In their model Ekama and Marais took the nitrification process reaction 
to be stoichiometric. The errors introduced by this simplification 
were shown by Haug and McCarty (1911) to be extremely small, hence, 
the oxygen demand for nitrification is given by 
0 = 4,51 dN /dt 
n a 
where 
0 = oxygen demand for nitrification (mg o/i/day) 
n 
(2.66) 
They also found that the concentration of nitrosomonas produced by a 
municipal sewage was so small relative to the total sludge production 
(less than 4%), that it could be ignored. Consequently, the accumula-
tion of endogenous residue of the nitrifier mass was also ignored. 
During their investigation it became clear that to model adequately 
the nitrification process, cognisance must be taken of the hetero-
trophic nitrogen demand as well as the re-introduction of organic 
nitrogen to the available concentration from release of organic 
nitrogen due to endogenous respiration (or lysis) of the heterotrophs. 
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This is clearly illustrated in Fig. 2.6 (after Ekama and Marais 1978) 
which shows the variation in TKN, ammonia and organic nitrogen concentra-
tions between reactors in a serial four reactor process. 
of the organic nitrogen curve was explained as follows: 
The behaviour 
In the first two reactors, before full nitrification has taken place, the 
heterotrophs utilize ammonia as their source of nutrient nitrogen and the 
build up of organic nitrogen can be attributed to the lysis of dead cells. 
However, once the level of ammonia concentration becomes limiting in re-
actors three and four, the heterotrophs turn to the organic nitrogen for 
their nutrient supply, hence the drop in organic nitrogen concentrations . 
. Observations of high ammonia concentrations in an aerobic digestor fed on 
an ammonia free influent led Ekama and Marais to conclude that the hetero-
trophs are capable of transforming organic nitrogen into ammonia. In en-
deavouring to establish the nature of both the nitrogen released by lysis 
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Fig. 2.6 
REACTOR NUMBER 
Free and saline ammonia and TKN concentrations observed in a 
series reactor pilot plant illustrating the changes in organic 
nitrogen through the process. [After Ekama and Marais (19?8)]. 
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(i) nitrogen released by the lysis of dead cell material is split 
into two fractions: a fraction, f , being organic nitrogen, oe 
the remaining fraction (1 - f ), being ammonia oe 
(ii)· nitrogen required for synthesis is also split into two fractions, 
an organic nitrogen fraction, fos' and an ammonia fraction 
(1 - f ) 
OS 
(iii) the active heterotrophic cell mass is capable of converting 
organic nitrogen to free. and saline ammonia, at a rate fixed 





dt r o a 
where 
(2.67) 
K = r specific conversion rate constant for organic nitrogen to 
ammonia (i/mg VSS/day) 
In checking these assumptions experimentally they found that the values 
of f f and K were compensating, i.e. if a value for one is adjusted oe' os r 
to give a best fit with experimental data for chosen values of the other 
two, there is little difference in the general results for a variety 
of chosen values. For ease of modelling it was eventually decided to 
assume that nitrogen released after lysis of cell material is all in 
an organic form, and that heterotrophs can only utilize nitrogen in 
the form of ammonia, i.e. f = 1 and f = 0. oe os 
They found that the maximum specific growth rate µnm and the saturation 
coefficient K were both effected by temperature and pH variations 
n 
according to the following simplified forms of the Arrhenius equation 
µnmT = 
(1 123)(T-20) 
µnm20 ' (2.68) 
where 
T = temperature in °c 
µnmT = maximum specific growth rate at T°C (/d) 
J.!nm20 = maximum specific growth rate at base temperature 20°c (/d) 
= K (1 123)(T-20) 
h20 ' 
where 
KnT = satura~ion coefficient at T°C 
Kn20 = saturation coefficient at base temperature 20°C 
In the pH range 5 < p < 7,2 
= µ (2 35)(p-7 , 2 ) 
nm7,2 ' 
where 
p = pH of mixed liquor 
µnmp = maximum specific growth rate at a pH of p (/d) 
µnm
7
, 2 =maximum specific growth rate at a base pH of ·7,2 (/d) 
and 
K = K (2 35)(p-7 , 2 ) 
np n20 ' 
where 
K np = 
= 
saturation coefficien't at a pH of p 





Both the maximum specific growth rate and the saturation coefficient 
were found to remain approximately constant over the pH range 
7,2 < p < 8,5 
Therefore, eq. (2.62) can be written in the form 
= N a 
2.36 
(2.72) 
The yield coefficient, Y , and the endogenous respiration rate b 
n n 
of nitrosomonas were assumed to vary in the same way as those for 
heterotrophs, i.e. 
b = b (1 029)T-20 
nT n20 ' 
(2.73) 
where 




= the endogenous respiration rate at a base temperature 20°C (/day) 
and Y is assumed to be insensitive to temperature changes. 
n 
In a paper on nitrification in the contact stabilization process, Gujer 
and Jenkins (1975) introduced the concept of the nitrification 
efficiency of the process. They defined it as 





nitrate concentrations in the contact and stabilization 
reactors respectively (mg N/£) 
experimental nitrification efficiency 
Assuming that full nitrification takes place in the stabilization 
reactor, Eq. (2.74) gives a measure of the process nitrification 
when compared with full nitrification. Because the substrate is 
soluble and not adsorbed by the organisms the nitrification efficiency 
desired for the process is greatly effected by the design of the 
process; from Gujer and Jenkins (1975) it can be shown that nne is 
effected by the sludge age, Rs recycle ratio, r, fractional distribution 
-------·-----·----
2.38 
steady state response is not the best approach to use in testing 
a model. A full experimental investigation into the CSP would be 
extremely valuable in checking the general model of Ekama and Marais 
and any modifications to their model, in particular the bi-sub-
strate modification discussed earlier. 
The bi-substrate hypothesis has not been fully developed by Ekama 
and Marais. Consequently this hypothesis needs to be incorporated 
in the general and the CSP model. The data generated by Ekama and 
Marais can be used to calibrate the model and the data from the CSP 
can then be used to compare the predictive powers of the adsorption 
and bi-substrate hypotheses. 
3.1 
C H A P T E R THREE 
APPLICATION OF THE MODIFIED MARAIS-EKAMA MODEL 
TO THE CONTACT .. 3TABILIZATION PROCESS 
3.1 INTRODUCTION 
As with all activated sludge processes, the kinetic equation$ that 
define the contact stabilization pro~ess (CSP) are functions of the 
daily COD load on the process, MS, the sludge age of the process, R , s 
and the temperature, T, at which the process operates. However, due 
to the configuration of the process (shown in Fig. 1), two further 
parameters, namely the recycle ratio, r, and the fractional distri-
bution of the total mass of volatile solids MX between the contact 
vp 
and the stabilization reactor, a, have to be taken into account. 
In order to develop process equations some estimate of MX is re-
vp 
quired as a starting point. Gujer and Jenkins (1972) reported that 
the total mass of volatile solids produced by the CSP was very closely 
approximated by the mass produced by the completely mixed activated 
sludge process. During the courl?e of this investigation it was con-
firmed that, for the same daily COD mass loading, MX calculated for a 
v 
completely mixed ~rocess produced an approximation of MX for the 
. vp 
CSP which was,, sufficiently accurate to serve as a design starting 
point. 
Once MX is established, the overall process volume, V , can be 
vp p 
























Fig. 3.1 Diagrammatical layout of the contact stabilization process 
Q = Average Daily Flow (£/d) 
V = Volume 
X = Volatile Sludge Concentration (mgVSS/£) 
v 
w = Sludge waste flow ratio 
r = Sludge Recycle Ratio 
St = Total COD concentration (mg/£) 
Nt = Total TKN concentration (mg/£) 
The subscripts i, e, c, s, p and r refer to the influent and effluent 
flows, the contact and stabilization reactors, the overall process and 
the recycle flow respectively. 
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and stabilization reactors respectively, i.e. 
XV =XV+XV vp p vc c vs s 
(3.1) 
and 
v = v + v s (3.2) p c 
where 
v = volume of contact reactor ( .Q,) c 
v = volume of stabilization reactor ( Q,) s 
x = volatile solids concentra.t ion in contact vc 
reactor (mg VSS/R-) 
x = volatile solids concentration in stabilizatibn VS 
reactor (mg VSS/Q.) 
Now a set of process equations can be established which will give V · 
c' 
V , X and X in terms of the specified parameters R , a, r and s vc vs s 
and the approximated process volume V . This will then define the 
p 
process framework within which biological kinetic equations can be 
x 
YP 
applied. As will be shown later in this chapter, to theoretically 
predict the response of a spatially varied process such as the CSP, 
a numerical step by step method has to be used to sinrultaneously in-
tegrate the biological differential equations in each reactor. The 
completely mixed activated sludge (CMAS) steady state and the CSP 
process equations provide a very useful set of variable values at 
which to start this integration. 
3.2 DEVELOPMENT OF .THE PROCESS EQUATIONS 
With reference to Fig. 1, doing a mass balance around the settling tank 
on the total volatile solid concentration: 
Mass of volatile solids flowing in = (r + 1 - w)QX . VC 
Mass of volatile solids flowing out = rQXvr 
.. · rQX = (r + 1 - w)QXVC vs 
x vs 
(r + 1 - w) = x r vc 
The fractional mass distribution of sludge, a, is defined as 
x v vc c a=--
X V 
vp p 
The sludge age, R , is defined as 
s 
R _ mass of sludge in process 
s - mass of sludge wasted 
-' X v /wQX vp p vc 
Substituting Eq. (3.1) into Eq. (3.4) 
x v a = ___ v_c_c __ 
x v + x v vc c vs s 
Substituting Eq. (3.3) into Eq. (3.6) 
x v 
a = VC C 
x v + v x (1 + r - 'w) /r 
VC C S VC 
= rV /[rV + V (1 + r - w)] 
c c s 
From Eq. (3.2) 
v = v - v c p s 
Substituting Eq. (3.8) into Eq. (3.7) 
r(V -. V ) 
a= p s 
r(v - v ) + v (1 + r - w) 
p s s 
r(V - V ) . s = ______ _,.._ _____ ~--
r V + V (1 + r - w - r) p s 










( 3. 7) 
(3.8) 
Solving for V 
s 
V r(l - a) 
v = -----s a+r-aw 
Substituting Eq. (3,9) into Eq. (3.2) 
V r(l - a) 
V =V ------c p a + r - aw 
= V (a + r - aw) - V r(l - a) 
a + r - aw 
· (1 + r - w). =Va-------
P (a + r - aw) 
Substituting Eqs. (3,9 and 3.10) into Eq. (3.1) 
X V r(l - a) 
X V = X Va(l + r - w) + _v_s_..p ___ _ 
vp p vcp a + t - aw a + r - aw 
x 
vp 
X a(l + r - w) + X. r(l - a) vc vs 
= ~----------------......... ~ a + r - aw 
Substituting Eq. (3,3) into Eq. (3.11) and rearranging 
X (a + r - aw) X = _v_p..__ ________ __ 
vc 1 + r - w 
Substituing Eq. (3.12) into Eq. (3,3) 







In the CMAS, the sludge wastage ratio w is a direct function of the 
sludge age, the process volume and the daily influent flow. 
i.e. 
so 





w = .;_E_ 
R Q s 
3.6 
However, in the CSP, where the sludge is wasted from the contact re-
actor, the wasted sludge concentration X differs from the process 
. vc 
sludge concentration, and as a result w becomes a function of r and a 
in addition to R , V and Q. The expression for w in the CSP can be 
s p 
derived as follows 
Substituting Eq. (3.1) into Eq. (3.5) 
R = s 
x v + x v vc c vs s 
wQX 
vc 
Substituting Eq. (3,3) into Eq. (3.14) 
R s 
X V + X V (1 + r - w)/r vc c vc s 
V + V (1 + r - w)/r 





Substituting Eqs. (3,9) and 3.10) into Eq. (3.15) and rearranging 
V (1 + r - w) 
w = (cf2+ ; - aw)R Q 
s 
(3.16) 
Under operating conditions aw is normally small and can be ignored. 
Therefore, solving for w in Eq. (3.16) 
V (1 + r) 
w = ~--..~~..--~~ 
R Q(a + r) + V 
s p 
(3,17) 
From the development above a process configuration is completely de-
fined by the following set of equations: 
v = v + v 
p c s 
w = (1 + r)/[l +QR (a+ r)/V ] 
s p 
V = V a(l t r - w)/(a + r - aw) 




V = V r(l - a)/(a + r - aw) 
s p 




X = X (a + r - aw)/r (3.13) 
vs vp 
The biological kinetic equations proposed by Ekama and Marais (1978) 
will now be modified to incorporate the bi-substrate hypothesis and 
then be applied to the CSP configuration in order to evaluate the 
biologically dependent variables. 
3.3 DEVELOPMENT OF THE BIOLOGICAL KINETIC EQUATIONS 
3.3.1 Kinetics of the Bi-substrate Hypothesis for Carbonaceous 
Degradation 
3.3.1.1 Influent COD Fractions 
With the introduction of the hypothesis that there is a soluble, 
readily assimilable fraction of COD in the influent, the fractional 
division of the influent proposed by Ekama and Marais (1978) has to 
be modified to incorporate this additional fraction. Hence the in-
fluent is assumed to be made up as follows: 
where 
Sti = total influent COD concentration (mg COD/i) 
Sb . = soluble biodegradable influent COD 
Sl 
concentration (mg COD/i) 
Sbpi = particulate biodegradable influent COD 
concentration (mg COD/i) 
S . = soluble unbiodegradable influent COD 
Ul 
concentration (mg COD/1) 
Spi = particulate unbiodegradable influent COD 






~i = total biodegradable influent COD 
concentration (mg COD/'lv) 
3.8 
(3.19) 
For modelling purposes it is convenient to express Sb . in terms of 
Sl 
For unsettled sewage 
s . = f 
Ul US 
where 0,20 < fbs < 0,25 
where 0,05 < f .. < 0,12 
us 
s . = f • p . st1" where 0,09 < f < 0,13 p1 up up 





= f us 
= f up • p • 
where 0,20 < f < 0,25 
bs 
where 0,05 < f < 0,12 us 
sti where 0,00 < fup < 0,05 
The particulate unbiodegradable COD of the influent may be expressed 
in terms of mg VSS/i 
x. . = s . / B = f • st 1. · (mg vss / 'lv) ll pi up (3.20) 
As pointed out by Ekama and Marais (1978) sewages vary greatly in 
nature, depending amongst other things on the proportion of indus-
trial wastes present. The sewage from the Strandfontein sewer which 
was used in this investigation is an unsettled sewage and was found 
3,9 
to have the following characteristics: · 
fbs = 0,234 
f = 0,10 us 
f = 0,09 up 
Although the adsorption of the particulate biodegradable COD is not 
considered to be an energy requiring process, it is still taken to 
be a biological process, and the Blackwell equation as modified by 
Ekama and Marais is accepted as suitable to describe the rate of 
adsorption, so 
dSb 
__E.E.dt = - K X Sb ( f - X /X ) aapma sa (3.21) 
and the rate of increase of stored COD is given by 
dX 
dt
sg = K.X·S (f - x /X )/P 
a aop ma . s a (3.22) 
Ekama and Marais fourtd that· K varies with temperature according to 
a 
the following relationship: 
K = K (1 03) ( T-20) 
aT a20 ' 
where 
KaT = adsorptiort rate constant at T° C ('},/mg VSS/d) 
Ka20 = adsorption rate constant at 20°c. 
3.3.1.3 Synthesis of Cell Mass 
----------------~-----
(3.23) 
In terms of the bisubstrate theory, the synthesis reaction is made 
up of the sum of the two separate synthesis reactions. The first is the 
rapid, direct assimilation of the soluble COD by the active mass, 
3.10 
while the second is the slower process of assimilation of the stored 
particulate COD. No distinction is made in the model between types 
of organisms which utilize the two forms of substrate as it is assumed 
that the entire active mass can utilize both the particulate and 
soluble substrate and that the type of new cell mass synthesized does 
not depend on the form of substrate utilized. [This is justified from 
the findings of Blackwell (1971) and Jacquart, Lefort and Ravel (1973), 
who incorporated different transfer mechanisms into their models for 
the assimilation of soluble and particulate substrate by the same 
organisms]. 
For the soluble substrate that is directly utilized to generate active 
mass, the Monad type equation describes the growth rate: 
where 
and 
Y K S 
h ms bs 
K + S 
SS " bs 
x 
a 
K = maximum specific growth rate constant ms 
utilizing soluble substrate (mg VSS/mg COD/d) 
K = soluble substrate concentration at which the 
SS 
specific growth rate of the organisms is equal 
(3.24) 
to half the maximum specific growth rate (mg COD/t) 








K S = (l _ PY ) ms bs 




For the synthesis of active mass utilizing the stored substrate, the 
equatiort proposed by Ekai:na and Marais (1978) is used, ' 1.e. 
dX K X P 
-1!. = Y mp s X 
dt h° K + X P • a 
where 
sp s 
K = maximum specific growth rate constant utilizing mp 
particulate stored substrate mg VSS/mg COD/day 
K = particulate stored substrate concentration at sp 
which the specific growth rate of the organisms 
is equal to half the maximum specific growth 
rate (mg COD/.R,) 
3.11 
(3.27) 
and the rate at which the stored substrate is utilized is given by 
dX K X P 
s.R- mp s 
~ = - K + x P xa (3.28) 
sp s 
The oxygen consumption rate for the synthesis of stored particulate 
substrate is given by 
0 
sp 
K X P · mp s 
= ( 1 - Pb) ( K . + X p) . X a 
sp s 
(3.29) 
From Eqs. (3.24 and 3.27) the overall rate of synthesis of new cell 
material can be written as 
K X P 
+ mp s ) 




and the associated total oxygen consumption rate for synthesis is. 
given from Eqs. (3.26 and 3,29) 
K 8 K X P 
0 = (l _ pv.X ms bs + mp s ) x s -n K + S K+ X P a 





The values of K and K vary with temperature according to the fol-
ms mp 
lowing equations (Marais and Ekama, 1976): 
( )T-20 K T = K 20 1,200 ms ms 
where 
KmsT ~ maximum specific growth rate constant 
utilizing soluble substrate at T°C 
Kms 20 = maximum specific growth rate constant 
utilizing particulate substrate at 20°C. 
K = K (1 lOO)T-20 
mpT ·mp20 ' 
where 
KmpT = maximum specific growth rate constant 
utilizing particulate substrate at T°C 
Kmp20 = maximum specific growth rate constant 
utilizing soluble particulate at 20°C. 
. ( 3. 32) 
(3,33) 
The yield factor Yh and the saturation coefficients K and K appear 
SS Sp 
to be virtually insensitive to temperature changes; 
A large measure of uncertainty exists as to the exact mechanism of 
endogenous respiration. Ekama and Marais offer the two different 
approaches set out in Chapter 2. Because of the uncertainty as to 
the exact mechanism involved, the lead of Ekama and Marais has been 
followed here in employing the simpler of the two theories. This is 
the "black box approach" in which only the nett results are modelled 
and any intermediate steps are ignored. It is assumed ·that the bio-
degradable fraction of the sludge mass that disappears from the 
system is utilized for maintenance energy by the organism itself and 
therefore is directly equated to the oxygen consumption for endogenous 
respiration. The unbiodegradable fraction remains and accumulates in 
the process as endogenous residue~ 
3.13 
If bh is assumed to be the nett endogenous respiration rate constant 
per day for heterotrophic organisms, then 
where 
Xa£ = active organisms lost du.e to endogenous 
respiration 
and the unbiodegradable endogenous residue which accumulates is given 
by 
where 
f = the unbiodegrad~ble fraction of the live mass 
which disappears during endogenous respiration. 
(3.35) 
The COD equivalent of the nett volatile mass that disappears from the 
system per day (mg VSS/£/d) is equated to oxygen consumption for en-
dogenous respiration, i.e. 
(3,36) 
The heterotrophic endogenous respiration rate varies with temperature · 
according to the following equation (Marais and Ekama, 1976): 
· T-20 
bhT = bh20 (1,029) 
where 
bhT = heterotrophic endogenous respiration rate 
at T°C (/d) 
bh20 = the rate at 20°C (/d) 
(3.37) 
Equations (3.18) to (3,37) completely define the kinetics of the re-
moval of the carbonaceous material in the activated sludge process. 
3.3.2 Nitrification 
In this investigation the nitrification model proposed by Ekama and 
Marais (1978) is accepted without modification. ·The kinetics of the 
process have been fully described in Chapter 2, hence only a summary 
of the pertinent equations will be given here. 
The specific nett growth rate of nitrosomonas is given by: 
where 
x - b x n n n 
X = concentration of active nitrosomonas (mg VSS/£) 
n 
µnm = maximum specific growth rate of nitrosomonas (/day) 
N = concentration of ammonia (mg N/R.) a 
K = n ammonia saturation coefficient (mg N/R,) 
b - endogenous respir~tion rate of nitrosomonas (/day) n 
(3,38) 
'I'he rate of utilization of ammonia is related to the. synthesis of 




Y = yield coefficient of nitrosomonas from n 
ammonia utilized, 
hence the rate of production of nitrates is given by: 
(3,39) 
dNn 
-- = + dt 
where 
( µ /Y )N 
run n a 
K + N 
n a 
x n 




The oxygen demand for nitrification is given as the stoichiometric 
equivalent of the oxidation of ammonia to nitrates, i.e. 
where 
0 = oxygen demand for nitrification (mg O/~/d) n 
Ekama and Marais define the rate at which the heterotrophic organisms 
convert organic nitrogen to ammonia as 
dN 
0 
dt =-KNX r o a 
where 
K = the conversion rate of organic nitrogen to 
r 
· ammonia (~/mg VSS/day) 
(3.42) 
The values of K , K and µ vary with temperature and pH according n r nm -
to the following equations 
K = K (2 35) 7 ' 2-P (1123)(T-20) 
nTp · n ' ' (3.43) 
where 
. KnTp = saturation coefficient at T°C and pH = p 
K = saturation coefficient n at 20°c and pH= 7,2 
p = pH of mixed liquor if ' < p < 7,2 - 7 ,2 ! it-7,2 < p < 8,5 
where 
KrT = conversion rate of organic nitrogen to 
ammonia at T°C 
Kr20 = conversion rate at 20°c. 
where 
µnmTp = specific growth rate at temperature T and 
pH ::: p 
µnm = maximum specific growth rate at temperature 20° 
and pH= 7,2 
p = pH of mixed liquor, if 5 < p < 7,2 
= 7,2 if 7,2 < p < 8,5. 
The endogenous respiration rate of the nitrosomonas varies with 
temperature as follows 
( . )T-20 bnT = bn20 1,029 
where 
bnT = endogenous respiration rate at temperature 
T0 c (/day) 
bn20 = endogenous respiration rate at a base 





The endogenous respiration rate does not appear to be pH dependent. 
. . 
The yield coefficient for nitrosomonas Y is assumed to be insensitive 
n 
to changes in both temperature and pH; 
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3.3.3 Steady State Formulae of Biological Functions 
Since the CSP is a space dependent dynamic process, the process kinetic 
equations have to be applied within each reactor in the process frame'-
work, and solved by means of step by step time incremental methods. 
To reduce the computation time involved in solving these equations 
the initially assumed values of the process variables must be as close 
to the final values as possible. It was found during the course of 
this investigation that the process variable response values of the CSP 
under time invariant input conditions can be approximated fairly accu-
rately by accepting the steady state solutions provided by a completely 
mixed single reactor with a volume equal to V . From these process 
·. p 
response values the initial approximations of the variable values in 
the two reactors and the recycle can be established [Eqs. (3.9), (3.10); 
(3.12) and (3.13)]. The initial values cart be established from the 
steady state equations for the CMAS listed below (Marais and Ekama, 1976). 
The concentrations of soluble and particulate substrates in the process 
are given by the following equations: (The second subscript, p, 




1 + bhRs 
= -yh_.,(,..._K-/.,.._K---,)_R_ 
ms ss s 





The various components of the process volatile sludge concentration 
X are given by vp 
x ap (3,50) 
x = 0 ,2 b. X R ep h. ap s 
and 
s R .Q 
x. = ....E!. s lp p v p 
Tbe process ammonia concentration is given by 
K (b + l/P ) N = __ ........__n __ ~n ______ s __ __ 
ap µ - (bh + l/R ) nm s 





The unbiodegradable TKN fraction is given by 








The concentration of nitrogen incorporated in the sludge mass is given 
by 







The process nitrate concentration is given by 
and finally, the concentration of nitrosomonas in the process is 
given by 
x np (3,57) 
3.4 APPLICATION OF THE BIOLOGICAL KINETICS TO THE CONTACT 
STABILIZATION PROCESS 
3.19 
The two reactors in the CSP are considered to be completely mixed. 
This implies that the influent is instantaneously and thoroughly 
mixed with the reactor contents, and the effluent flow has the same 
constitution as the reactor contents. 
By considering mass balances of the different process variables 
around each of the reactors, including the settling tank, the dif-
ferential equations for each variable in that reactor can be derived. 
The general mass balance equation applied to each reactor is 
Rate of change of process variable = 
+ rate of mass j_nput 
- rate of mass output 
± rate of mass change due to process reaction 
The following symbols are used: 
Q = influent flow vector ( 9./d). The first subscripts 
c, s, r, e or w refer respectively to the contact 
or stabilization reacto~~' the recycle flow, the 
effluent flow or the waste flow. A further sub-
script t refers to the value at time t. 
S = substrate concentration vector (mg COD/ .Q,). The 
first subscript s, p, u or t refers to the soluble 
and particulate biodegradable, the unbiodegradable 
soluble, or total concentrations. The second sub~ 
scripts i, c, s, r or w refer respectively to the 
influent, contact. or stabilization rea~tors, recycle 
or waste concentrations. A fUrther subscript t refers 
to the value at time t. 
(3,58) 
X =sludge concentration vector (mg VSS/~). The first 
subscript a, s, e, i, nor v refers respectively to 
active, stored, endogenous, inert, nitrosomonas or 
total volatile concentration. The second subscript 
c, s, r or w refers respectively to the influent, 
contact or stabilization reactor or waste concentra-
tions. A further subscript t refersto the values at 
time t. · 
N =nitrogen concentration vector (mg N/~). The first 
subscript u; o, a, nor t refers respectively to 
soluble unbiodegradable, biodegradable organic; 
ammonia, nitrate or total Kjeldhal nitrogen concen-
trations. A second subscript c, s, r or w refers to 
the contact or stabilization reactor, recycle or 
waste values. A further subscript t refers to the 
vaiue at time t. 
V =volume vector (~). Subscripts c, s.or prefer res~ 
pectively to the contact or stabilization reactor 
or the total process vaiues. 
3.4.1 The Contact Reactor 
Utilizing Eq .. (3.57), each process variable is traced through the 
reactor configu.ration as shoW!l in Fig. 2. 
1. Soluble biodegradable COD, S , ih the reactor: 
s .. 
Rate of change of soluble biodegradable COD ::: 
+rate of gain via influent flow 
+ rate of gain via recycle flow 
rate of loss via effluent flow 
- rate of loss due to synthesis of cell mass 
Ve xvc 
Qit Qit + 
5 tit Ntlt Xvct . . 
s N 
tct tct 
Xvst • 5 tst • N tst 
Fig,3.2 Process kinetics for the contact reactor 
dSsct/dt = Qit( 8sit)/Vc + Qr( 8sst)/Vc 






2. Particulate biodegradable COD, Sp, in the reactor: 
Rate of change of particulate biodegradable COD ::: 
+ rate of gain via influent.flow 
+ rate of gain via recycle flo~ 
rate of loss via effluent flow 





dSpct/dt = Qit(Spit)/Vc + Qr(Spst)/Vc 
- (Qr+ Qit)(Spct)/Vc 
- K X S (f - X /X ) a act pct ma set act 
3. Soluble unbiodegradable COD, s u' in the reactor: 
Rate of change of unbiodegradable COD = 
+ rate of gain via the influent flow 
+ rate of gain via the recycle flow 
- rate of loss via the effluent flow 
dS t/dt = Q.t(S .t)/V + Q (S t)/V - (Q.t + Q )S t/V UC . 1 . U1 c r us . c 1 r UC c 
4. Active mass concentration, X , in the reactor: 
a 
Rate of change of active mass = 
+ rate of gain via the recycle flow 
+ rate of gain due to synthesis of soluble substrate 
+ rate of gain due to synthesis of stored particulate 
- rate of loss due to endogenous respiration 
- rate of loss due to effluent flow 








= r + y . ms set X mp set 
~ Xast h'(K + s r act + Yh {K + X tp) • Xact 
c SS set' Sp Sc 
5. 
Qit + Qr 
- bhX t - V ac c 
x 
act 
Stored COD (as VSS) accumulated in the sludge X t: 
SC 
Rate of change of stored COD = 
+ rate of gain due to COD adsorption 
- rate of loss due to synthesis of cell mass from 
stored COD 
+ rate of gain via the recycle flow 
- rate of loss via the effluent flow 
(3. 62) 
dX .set = + K X ts t(f - X t/X t)/P dt a ac pc . ma sc ac 
K X mp set 
- (K - X P) 
sp set 
6. Endogenous residue, Xe' accumulating in the reactor as 
particulate inert material: 
Rate of change of endogenous residue 
+ rate of gain due to cell de~th 
+ rate of gain via recycle flow 




7. Inert material; X., accumulating in the reactor through the 
). 
inert solids in the influent: 
Rate of change of inert material 
+ rate of gain via the influent flow 
+ rate of gain via the recycle flow 
- rate of loss viat the effluent flow 
dX. t ic 
dt 
8. Total volatile solids, x ' (MLVSS) in v the reactor; 
Rate of change of total volatile solids = 
+rate of change of stored solids 
+ rate of change of active so ids 
+rate of .change of endogenous residue 
+rate of change of inert solids 
dXvct 
dt 
= dXact + dXsct + dXect + dXict 
dt dt dt dt 
(3.65) 
(3.66) 
9. Un biodegradable organic nitrogen, N u' in the reactor: 
Rate of change of unbiodegradable nitrogen 
+rate of gain via the influent flow 
- rate of loss via the effluent flow 
+ rate of gain via the recycle flow 
(Q + Q )N Q N dN t 
. UC = 
Q.tN •t l Ul it 'r uct 








10. Organic nitrogen concentration, N , in the reactor: 
0 









dN t . oc = dt 
of gain via the influent flow 
of loss via the effluent flow 
of gain from endogenous respiration 
of loss due to cell synthesis 
of gain via the recycle flow 
of conversion to ammonia by heterotrophs 
of loss due to adsorption 
of loss due to release from storage 
[ 
K S 
f f Yh ms set 
OS n (K + S ) 
ss · sc.t 
K X .tP ] + mp. SC . X 
(K + X tP) act sp SC · 
= 
Q 
+ ...£. N - K N X - f K X S V ost r act act ns a act bet 
c. 
(
f _ Xsct ) Pl 
ma X t ac 







Ammonia concentration, N , in the reactor: a 
Rate of change of ammonia = 
+ rate of gain via the influent flow 
+ rate of gain from the conversion of biodegradable 
organic nitrogen 
+ rate of gain from endogenous respiration 
- rate of loss due to organism synthesis 
:,.; rate of loss via the effluent flow 
+ rate of gain via the recycle flow 
- rate of loss due to nitrification 
Q.tN •t 1 ai + K N X + (1 - f )f (1 - f)bh X t 
V r oct act . oe n ac = 
c 
K 8 
_ (l _ f )f y ( ms set 
OS n h K + 8 ms set 
+ 
K .X t.P 
mp SC )X 




12. Active nitrosomonas concentration, X ; in the reactor: 
n 
dX . t nc 
dt 
Rate of change of nitrosomonas concentration -
+ rate of gain via the recycle flow 
rate of loss via the effluent flow 
+rate of gain due to cell synthesis 
- rate of loss due to endogenous respiration 
Qit + Qr (µnm_ )Nact 
V · Xnct + K + N • X t = 
- b x nT net 






Concentration of nitrate, N , in the reactor: 
n 
Rate of change of nitrate concentration ~ 
+ rate of gain via the influent flow 
+ rate of gain via the recycle flow 
- rate of loss via the effluent flow 
+ rate of gain due to nitrification 
QitNnit + QrNns.!_ _ Qit + Qr 




/Y )N t n ac 




14. Total unoxidised nitrogen in the reactor, which corresponds 
to the experimentally measured TKN concentration, is the 
arithmetic sum of changes in soluble unbiodegradable nitro-
gen, N . t, organic nitrogen, N t, and ammoni_a, N t, 




= dNuct + dNoct + dNact 
dt dt dt 
15. The total unoxidised coµ in the reactor, Stet' is given by 
the sum of the soluble unbiodegradable COD, S t' and the 
UC 
remaining unutilized soluble and particulate biodegradable 
COD, S t and S 
SC pct However, the soluble and particulate 
( 3. 72) 
variables are treated separately in the process as the former 
is able to leave the system ih the effluent flow, whereas the 
latter is maintained in the process through entrapment in 
the floe, densification in the settler and recirculation 
with the-return sludge. 
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16. The total oxygen demand, Otct' in the reactor: 
0 
tct 
The total oxygen demand = 
+ the energy lost during synthesis utilizing soluble 
substrate 
+ the energy lost during synthesis utilizing particulate 
substrate 
+ the energy lost during endogenous respiration 
+ the energy loss during nitrification 
K s K x tp set, ( 1 ... PYh) mp SC (1 - PYh) ·ms x + K + x p = . . act K + s sp set 
SS set 
. x act 
(µ /Yh)N .t.X t nm ac nc 
+ P(l - f)bh Xact + 4,57 K + N (3.73) 
n act 
3;4.2 The Settling Tank 
In modelling the settling tank, the same simplifications made by 
Ekama and Marais are used. It is assumed that the settling tank acts 
purely as a separator of the sludge and the liquid. It is assumed 
to be 100% efficient with no sludge escaping over the weirs and also 
with no build-up of sludge in the settling tank. Further, it is 
assumed that there is no biological activity in the tank, so that 
the soluble biological parameters in the effluent flow and in the 
recycle flow to the stabilization reactor have the same value as 
that in the contact reactor. For these assumptions to approximate 
to reality,the retention time of the sludge in the settling tank 
must be kept to a minimum. This is achieved by having a high re-
cycle value, which is acceptable in South Africa as the settlers tend 
to be used purely as solid/liquid separators, and not as sludge 
thickeners. 
Furthermore, in South Africa a short retention time.in the settler 
of a full scale plant is desirable for another reason. If this 




nitrogen bubbles thus formed cause partial flotation of the sludge 
in the settler. This effect will be particularly evident in the hot 
summer conditions under which plants have to operate in South Africa. 
5uct 5sct N tct . . 
Fig, 3.3 Process kinetics for the settling tank of a contact 
stabilization process. 
Referring to Fig. 3, doing mass balances on the solid fraction of 
the mixed liquor, for example the active mass; X , or the particulate a . 
biodegradable COD, Sp' yield: 
x 
(Qet + Qr) 
= •X art Qr act (3.74) 
s = 
(Qet + Qr) 
·S prt Qr pct 
(3.75) 
3!22. 
Similarly a mass balance on the soluble fraction of the mixed liquor, 
for example the soluble biodegradable COD, S , and the ammonia, N , s a 
yields: 
(Qet + Q ) 
s r s s = 
(Qet ~) 
. = srt + set set (3.76) 
N 
(Qet + Qr) 
.N N = 
(Qer + Qr) 
= art act act (3.77) 
i.e. there is no change in the concentration of soluble fractions in 
the settling tank 





xvst. 5 tst, x s 5sct, vrt, uct. 
Ntst 5
tst Ntst 
5prt . Ntct 
Fig. 3.4 Process kinetics for the stabilization reactor. 
The set of process kinetic equations for the stabilization reactor 
can be drawn up in the same way as for the contact reactor using the 
mass balance Eq. (3.58), e.g. the differential equations for the 
soluble biodegradable COD, S , and the endogenous residue, X , in 
s e 
the stabilization reactor are drawn up as follows: 
dS ·t SS 
dt 
dX t es 
dt 
Rate of change of soluble biodegradable COD in reactor = 
+ rate of gajn via influent flow 
- rate of loss via effluent flow 
- rate of cell synthesis utilizing soluble COD 
K S 
= Q (S )/V - Q (S )/V - ms sst . X 
r set s r sst s K + S t ast 
SS SS 
Rate of change of endogenous residue in reactor = 
+ rate of gain via influent flow 
- rate of loss via effluent flow 
+ rate of gain due to cell death 
x 
ast 
3.4.5 The Mathematical Model 
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(3.78) 
( 3. 79) 
The equations derived above constitute a set of twelve ordinary 
simultaneous differential equations with twelve unknowns for each 
reactor, i.e. S , S , S , X , X , X. , X , X , N , N , N and N . The s p u a e i s n u a o n 
other variables, X , Nt; 0 , 0 , 0 , 0 an.d Ot· are linear com-v c s e n 
binations of the above twelve dependent variables. The differential 
equations are first order and non-linear. 
The nature of the CSP is such that a means of separating the sludge 
from the effluent must be incorporated into the model, so the 
settling tank kinetics, as developed above, must be taken into account. 
The solution set of the CSP consists.of a complementary function and 
a particular integral for each reactor in the system. The complemen-
tary function (cyclic response) about the particular integral (steady 
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state response) which develops irt the contact reactor of the process 
serves as the influent forcing function into the settling tank and 
in turn determines the influent forcing function which is recycled 
into the stabilization reactor. The complementary function which 
develops in the stabilization reactor then defines the influent 
forcing function of the recycle back into the contact tank. 
3.5 THE SOLUTION OF THE MATHEMATICAL MODEL 
3.5.1 Method of Solution 
The set of equations, derived above describing the CSP is solved 
numerically by a discrete finite difference step-by-step method. 
Systems such as the CSP which consist of more than one reactor, 
operate under space varying as well as time varying conditions. These 
systems show a dynamic response even if the time forcing functions 
are constant because the process variables are subject to spatial 
variations. Although steady state conditions can exist in each re-
actor taken individually, due to the non-linearity of the equations 
defining the CSP in each tank, no explicit solutions are possible 
for the process as a whole. This applies even to time invariant in-
puts and solutions have to be obtained by numerical integration of 
the differential equations. 
The cy9lic time varying forcing functions result from daily cyclic 
loading conditions and discontinuous daily sludge wasting procedures; 
These conditions lead to a cyclic response and the solution of the 
equations is composed of both the particular integral (steady state) 
and the complementary function (variations about the steady state). 
A finite time interval, ~t is selected and the equations written in 
discrete form with the following approximation 
dS t SC 
dt 




This equation links the beginning and end of each interval. Solving 
for the end value 
(3.81) 
The values of each of the other process variables at time (t+l) are 
found in a similar fashion by using their respective discrete appro-
ximations of the differential equations 
The full solution procedure is as follows: 
1. The total daily COD and TKN mass loads are calculated by inte-
grating the influent cyclic variation curves. The CMAS steady state 
equations (3,50) to 3.52) are then used to calculate MX . An average 
v 
overall sludge concentration X is then chosen and V is calculated. 
~ p . 
Using equations (3,9), (3.10), (3.11) and (3.12), the parameters V, c 
V , X and X are calculated and these values are then assessed as 
s vc vs 
to their practical suitability. If these are unsuitable, a new value 
of X is chosen and the process is repeated until suitable values vp 
are arrived at. 
2. Once V , V , X and X have been fixed, the steady state c s vc vs 
equations (3.47) to (3,49) and (3,53) to (3,57) can be used to es-
tablish the starting values of variables in the two reactors. The 
initial conditions for the recycle concentrations are calculated 
from the densification.characteristics of the settling tank, using 
the steady state values as input. 
3, From these assumed values of V and V and the initial variable 
c s 
values established, together with the cyclic influent inputs, the 
values of the process variables in the contact reactor are calculated 
at time (t+l) utilizing their discrete approximations of the dif-
ferential equations, e;.g• Eq. (3.81). 
4. The values of process variables at (t+l) in turn serve as 
starting conditions to calculate the values at (t+2). 
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5. The solution of the set of equations (one for each unknown) is 
advanced step by step in this fashion over the whole day for the 
contact reactor. 
6. Steps 3 to 5 are repeated, first for the settling tank and then 
for the stabilization reactor, noting that the cyclic responses in 
the contact reactor serve as the cyclic input for the settling tank 
and so on. 
7, Steps 3 to 6 are repeated for a second day using the last value 
of the first day as initial conditions for the second day. 
8. The value of certain process variables calculated at each time 
interval in each reactor for the first day are compared with the 
corresponding values calculated for the Second day. 
9. If the difference between any pair of values is greater than a 
certain pre-selected amount, the calculatiqn procedure must continue 
for another day using the last values of the previous day as initial 
conditions. 
· 10. Again a comparison is made between the latest values of the 
process variables and those calculated for the previous day. 
11. This procedure, steps 8 to 10, is repeated until the selected 
process variables calculated for two consecutive days differ by less 
than the pre-selected am0unt .. The system is then to be in a dynamic 
steady state. 
It was found necessary to use different integration step lengths 
for the soluble and particulate carbonaceous material degradation 
kinetics and the nitrification kinetics. A value of six minutes for 
the integration of the particulate carbonaceous degradation kinetic 
equations yielded a stable response, whereas a step interval of two 
minutes was necessary for the integration of the soluble carbona-
ceous degradation kinetic equations and the nitrification kinetic 
----~ ------------ "·-~--~~ 
of soluble substrate and nitrification kinetic equations. 
3. A simplistic model of the settling tank is included for 
solid-liquid separation. 
4. The value of the convergence criterion is pre-selective. 
A large value will allow fewer iterations to convergence 
but the solution will be less accurate. A value of 0,1% 
is recommended as this value produces a fai~ly rapid but 
accurate solution. The number of iterations increases 
approximately exponentially as the convergence criteria 
are reduced. The uNIVAC 1106 takes approximately 0,5 
secs. calculation time per reactor, per iteration. 
5, For the time variant inputs, daily averages of the pro-
cess variables are calculated for each of the reactors for 
direct comparison with the steady state process variable 
profiles through the system. The averages of these pro-
cess variable profiles are also calculated for comparison 
with the equivalent steady state single reactor process. 
6. The computer model for the time variant inputs can be 
used to calculate the process response for three different 
cases of input forcing waves: 
(a) A sinusoidal variation of input flow, COD 
concentration and TK.N concentration given 
the average daily values and amplitudes of 
each. 
(b) An influent flow, COD and TKN concentration 
variation pattern observed at a particular 
site or plant, for which all the hourly values 
of the flow; COD and TKN concentrations have 
to be supplied. The values of the inputs re-
quired at each step interval are linearly 
interpolated from these hourly values. This 
input variation option allows for the solution 
of a particular design or existing plant. It 
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should be noted that the "dynamic steady stateu 
solution is calculated, which assumes that the 
input loading patterns are repeated identically 
every day until the calculation converges. 
(c) A square wave pattern for influent flow, with 
the COD and TKN concentrations kept constant. 
The square wave pattern may consist of a constant 
base flow with a constant peak flow of given length. 
The plotting programme, utilizing the CALCOMP plotting package reads 
directly the theoretical respohse waves of the process variable cal-
culated by the variant time programme and plots these response waves 
graphically. A similar plotting programme which also utilizes the 
CALCOMP plotting package, reads in the experimental response waves. 
The theoretically calculated and experimentally observed response 
waves are then plotted at the same scales so that a direct comparison 
may be made between theoretical and experimental behaviour. 
Listings of the computer models and plotting routines are given in 
Appendix B. 
4.1 
C H A P T E R F 0 U R 
THE EXPERIMENTAL INVESTIGATION 
4.1 INTRODUCTION 
The main objectives of this laboratory scale experimental investigation 
was to (1) observe the biological response of the Contact Stabilization 
Process (CSP) to various input conditions and (2) compare the adsorp-
tion and substrate models with the experimental response to establish 
which of the two best described the behaviour of the CSP. 
As ~stablished earlier, there are five major parameters which influence 
the response of the CSP, namely the daily COD load on the process, 
(MS), the sludge age of the process, (Rs)' the temperature (T) at 
which the process operates, the sludge recycle rate, (r), and the 
fractional distribution of the sludge between the two reactors, (a). 
For this investigation it was decided that the recycle rate and the 
fractional distribution of the sludge would be kept constant, while 
the sludge age, the daily COD load pattern and the process temperature 
would be varied. The reason for maintaining r and a at constant 
·values was that Gujer and Jenkins (1975) found that these two parameters 
had far less effect on the efficiency of process removal of carbon-
aceous material than the other three. Theoretically this observa-
tion is also consistent in terms of the substrate theory : Although 
r and a have a marked effect on the contact reactor hydraulic 
retention time, the particulate carbonaceous substrate, which forms 
the bulk of the influent COD, is either adsorbed by the organisms or 
enmeshed in the floe and in this form removed from the effluent in the 
settling tank. As these two processes are extremely rapid they are 
virtually independent of the hydraulic retention time in the contact 
reactor. With regard to the soluble COD fraction, the theoretical 
efficiency of its removal is affected by the length of the contact 
time ~ecause the assimilation of this substrate takes place at a fixed 
rate. Even though the rate is relatively fast, it is not fast 
enough to remove all the soluble substrate in the contact time 
available, so the shorter the contact time the smaller the amount· 
of soluble substrate concentration in the contact effluent. 
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However as only about a quarter of the biodegradable COD is soluble, 
this does not have a very marked effect on the overall COD removal 
efficiency of the process. 
In contrast, with regard to nitrification efficiency, the substrate 
is predominantly soluble and so very little TKN is removed by adsorp-
tion or enmeshment. Hence the nitrification efficiency in the CSP 
configuration is extremely sensitive to the a and r values chosen. 
In this investigation it was decided that a vlue of a = 0,1 should 
be used. With this value of a only one tenth of the sludge is 
responsible for the initial removal of the carbonaceous material from 
the influent. It represents, therefore, an extreme situation and 
constitutes a severe test of the predictive capacity of the model. 
A very high recycle rate in the CSP process approximates a com-
pletely mixed system, which would tend to defeat the objective. of this 
investigation. However, a low recycle rate results in a low process 
nitrification efficiency as a small fraction of the soluble TKN sub-
strate is recycled into the stabilization reactor where the bulk of the 
nitrifying organisms are retained. With these two considerations in 
mind, a recycle rate of r = 2 was selected. 
The investigation consisted of two parts : 
'(1) Time invariant flow and load conditions 
(2) Cyclic flow and load conditions 
(1) Time Invariant Flow and Load Conditions 
Two laboratory scale units were run under time invariant load and flow 
conditions. The first unit was run at 20°C sequentially at sludge 
ages of 6 and 10 days. The second one was run at 12°C, at a sludge age 
4.3 
of 6 days, and tested for two conditions (a) with nitrification 
being allowed to take place and (b) with the nitrification being in-
hibited. 
Time invariant conditions were tested first as this mode of operation 
does not include as many variables as the cyclic mode and the process 
is easier to monitor. The results would allow an initial assessment 
of whether the general activated sludge model can predict the CSP 
response without recalibration before the investigation was expanded 
to cover the more complex cyclic load and flow conditions. The time 
invariant mode would also provide data to check the models predictions 
of temperature effects. 
(2) ~~~~~~-~~~~-~~-~~~~-~~~~~!~~~~ 
In the second part of this investigation a unit was run under daily 
cyclic sine and square wave time variant load and flow conditions at 
20°C and a sludge age of 6 days. Cyclic flow conditions impose a 
most severe test on the model's predictive powers. 
In order to obtain adequate results for predicting cyclic response, 
monitoring of the process is neccessary over continuous periods of 
about 36 hours, at hourly intervals. An appreciable number of response 
variables have to be measured during each cyclic test period. As this 
involves a considerable effort it was felt that if the model accurately 
predicted the response of the CSP at various sludge ages and temperature 
under steady flow and load conditions, and was found also to provide 
accurate predictions of the response under cyclic load and flow condi-
tions at one sludge age, this would be sufficient proof of the general-
ility of the model. To ensure that the tests undertaken provided a 
satisfactory and reliable set of data, three tests were undertaken at 
the selected sludge age of 6 days. 
4.2 THE EXPERIMENTAL LABORATORY UNIT 
Figure 4.1 shows the diagrammatical layout of the laboratory scale 
units used throughout the investigation. The influent was pumped· 
from the daily feed container into the contact reactor by means of 
a peristaltic pump. The influent dropped into the reactor from 
above the liquid level, as shown, so that a:ny leak in the feed tube of 
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by syphoning action. The outflow from the contact reactor was over 
an adjustable overflow weir and gravitated to the bottom of the settling 
tank. The overflow from the settling tank was collected in a bucket. 
The underflow from the settling tank was recycled by means of a peri-
staltic pump back to the stabilization reactor where it drip discharged 
into the top of the reactor. The overflow weir of the stabilization 
reactor was also of the adjustable kind, the flow gravitating to the 
bottom of the contact reactor. 
The only deviation from this layout was the use of two settlers in 
parallel to cope with the increased flow during the cyclic loading 
tests. A brief description of each of the plant components is 
given below. 
4.2.1. The Contact and Stabilization Reactors 
The contact and stabilization reactors consisted of cylindrical 
perspex containers, 125 mm and 215 mm in diameter respectively. The 
liquour in the reactors was kept thoroughly mixed by a paddle set at 
the end of a shaft driven by an electric motor. The motor was mount-
ed on a platform whfch covered approximately 2/ 3 of the top of the 
reactors. The speed of the motor and the size of the paddle were 
adjusted by trial and error until complete mixing 6f the liquour was 
achieved, independent of the bubble aeration mixing effects, yet not 
causing too much turbulence at the surface. This aspect is extremely 
important, as during oxygen demand rate tests the paddle must keep the 
liquour thoroughly mixed with a minimum of surface turbulence to pre-
vent a significant amount of oxygen entering the body of the liquid 
through the surface. 
The mixed liquour in the reactors was kept aerated by the bubbling of 
clean, washed air, through a 3 mm diameter vertical perspex tube with a 
diffuser op the end. The supply of air was controlled by manually 
regulating a valve on tne air supply to keep the dissolved oxygen level 
between 1,5 mg/~ and 3,5 mg/i. 
The overflow mechanism for the reactors was of the adjustable type shown 
in Figure 4.2. This allowed for the accurate maintainance of . 
the correct reactor volumes. As long as the connecting tubes 
were kept cl~ar they gave very little trouble. 
To prevent rotation of the liquour and to promote mixing, full 
length vertical baffles were glued to the inside of the reactors. 
4.2.2. The Settling Tank 
This consisted of an inclined perspex tube, 7,5 mm in diameter 
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with a central electically driven shaft with a windscreen wiper · 
attached to wipe the inside of the tube clean. The rate of rotation 
was 1 rev/1/2 minute, which is too fast for good settling. Consequently 
the electric motor driving this shaft was timed to run intermittent-
ently for one revolution every 2 or 3 minutes. This prevented any 
accumrnulation of organisms on the surface of the tank, yet allowed 
the densification of the sludge at the bottom of the tank. The 
inlet to the tank is inclined upwards and the outlet is inclined 
downwards as shown in Figure 4.1 to prevent shortcircuiting of the 
flow. At the recycle rate of 2 : 1 utilized in this investifation 
the accummulation of sludge at the bottom of the tank was negligible. 
and the underflow sludge always remained aerobic. 
4.2.3. The Daily Feed Container 
This consisted of a rubberised dustbin with lid which had a capacity 
of approximately 72£i The feed takeoff was ~ 15 mm above the bottom 
of the container, and the feed was kept mixed by a motor driven 
paddle rotating just clear of the bottom at approximately 20 r.p.m. 
Provision was made for the feed to be aerated by bubbling air through 
it in order to compensate for loss of dissolved oxygen in the flows 
when doing the oxygen demand tests in the contact reactor. The 
oxygenation of the influent was found to be of crucial importance to 
the measurement of o2 demand of the process. The reason for this 



























































































































4.2.4 Peristaltic Feed and Recycle Pump 
The circU.lar type of peristaltic pump with electronic speed control 
was used. The pump has rollers which can be adjusted for various 
tY}1es and sizes of feeding tube and room for 4 tubes. When the 
pump speed is adjusted to deliver through one feed tube at the rate 
necessary for the daily feed, a recycle rate of 2 : l can be achieved 
by using two feeding tubes (on the same pump) for the recycle flow. 
4.2.5 Connecting Tubing 
The connecting tubing was of soft, transparent plastic of varying 
diameters. The tubing has to be soft so that it can be cleared of 
any organism growth on thewalls by simply squashing the tubing. 
The diameter of the tubing has an important bearing on the performance 
of the plant. Smaller diameter tubes were used when a high veloc~ty 
was required to prevent the settling out of solids in the tube; also 
where blockages were unlikely to occur as in the case of the pumped 
feed and recycle lines. Larger diameter tubes are necessary in 
the gravity feed lines to the settler as blockages were likely to 
occur. 
4.3 EXPERIMENTAL PROCEDURE 
The units were mounted on vertical boards with each reactor placed on 
a support bolted into the board. The board was held vertical 
by a metal frame mounted on wheels so that the whole unit coU.ld be 
moved to any convenient location in the laboratory. A wide, shallow 
galvanised sheet metal tray was positioned under the entire unit 
i~ order to catch any spilled or leaked sludge. ShoU.ld spillage 
occur it could be returned to the unit without causing any major dis~· 
ruption to the experiment. 
The influent supply was collected in a 1 3ooi tank on the back of a truck 
from the Strandfontein sewer at a point just before it enters the treatment 
ponds. The sewage was pumped from the sewer intermittently for short periods 
spanning about an hour. This was done to ensure that the sewage collected 
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was representative and not likely to contain a slug of any particular 
substance such as a toxin. The influent supply was then transported 
to the laboratory where it was pumped into three 450~ stainless steel 
storage vessels in a cold room. While pumping from the supply vehicle 
the tank contents were violently agitated by sparging with compressed 
air to keep the contents well mixed. The flow from the tank to the 
storage vessels was passed through a special fine macerator in order 
to prevent large particles in the sewage blocking the connecting tubes 
of the laboratory units. The cold room was ~ept at 4°C to inhibit 
any biological action which might have taken place during storage. 
Collecting the supply in this manner insured that a relatively constant 
feed of uniform sewage could be maintained for up to two weeks. 
The daily feed was removed from the storage vessels by means of a 
tap at the bottom after the contents had been thoroughly mixed by means 
of a manual mixer. The measured amount of sewage was then diluted 
with tap water to achieve the desired COD concentration and passed 
through a sieve to remove any grit or fibrous material which could 
cause blockages in the units; The daily sewage feed was then placed 
in the feed container from where it was pumped into the unit. Because 
the influent was periodically aerated in the daily feed container, 
great care had to be taken that biological activity did not take place 
in the container. Consequently the influent was stored in an open 
refrigerator which maintained the temperature at approximately 9°C. 
Furthermore, the container and the influent feed line were scrubbed 
out with boiling water every two days, to prevent biological growth. 
The Cape waters are very badly buffered, and consequently it was 
found that the nitrification caused a drop in pH which, in turn, 
inhibited the nitrification performance of the plant. To ensure that 
the pH remained above 7,2 , a stock supply of 72 gm/~ sodium 
bicarbonate buffer solution was made up and 150 m~ added to each 36~ 
influent batch. 
The sludge age was maintained hydraulically by means of a semi-
continuous draw-off from the contact tank. A peristaltic pump 
was connected to timing device which was set to run every half 
hour at high speed for a short period. This ensured that no 
solids settled out in the pipe, and that the concentration of the 
waste flow was the same as the concentration of the contact tank. 
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The amount to be wasted daily was calculated using equation (3.17). 
After allowance had been made for the volumes wasted through sampling, 
t':cc volume. wasted each day was calculated to ensure a constant 
sludge age. 
4.3.1 Test Methods 
The tests to determine the concentrations of COD and TKN in the samples 
were performed in accordance with the procedures laid down in "Standard 
Methods for the Examination of Water and Wastewater", 13th Edition (1971), 
published by the American Public Health Association, AWWA and WPCF. 
Nitrate and Nitrite concentrations in the samples were determined 
by the auto analyser automated method, in accordance with the Industrial 
Methods 33,68 and 35,69W testing procedures as laid out in Technicon 
Auto-Analyser Methodology . 
. The dissolved oxygen concentrations were measured by means of a Yello~ 
Springs oxygen probe. The probe was calibrated daily as follows: The 
probe was immersed in a jar containing clean tap water. The contents 
were sparge aerated and well stirred until the dissolved oxygen concen-
tration reached a constant level which was assumed to be the dissolved 
oxygen saturation concentration. After being zeroed, the meter was 
then calibrated to read the saturated oxygen level given in tables for 
the existing temperature and atmosphere pressure conditions. 
With regard to the oxygen consumption rate test, initially it was done 
as follows: the dissolved oxygen concentration in the reactor to be 
tested was raised to about 8 mg/~ by sparging with an additional supply 
of clean air. Once the dissolved oxygen concentration had reached the 
required level all supplies of air to the reactor were cut off. While 
this reactor was still being fed and stirred the oxygen probe which was 
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connected to a Philips PM 8220 Pen Recorder, recorded the drop in the 
dissolved oxygen level for a period of about six minutes. The total 
oxygen consumption rate for the reactor was then given by the slope 
of the line (usually linear) of the dissolved oxygen concentration 
versus time plot on the recorder. 
It was soon realised,-however, that an imbalance in the oxygen concen-
tration levels of the flows to and from the reactor during the test 
constituted a built-in"oxygen demand" for the reactor - effluent o2 
concentration was normally higher than influent concentration so that 
there is a net loss of o
2 
mass from the reactor due to the difference 
in o2 concentration between the influent and effluent flows. This 
caused an error in the measurement of the piological oxygen consumption 
rate which appeared to be particularly significant in the contact re-
actor. To form an estimate of the error and to devise remedial pro-
cedures it is necessary to investigate the problem theoretically -
this is set out below. 
The differential equation which describes the dissolved oxygen concen-
tration in a well mixed flow reactor is: 
d . 
Vdt DO = Q(DOIN - DO) - VB (4.1) 
where 
· DO = the dissolved oxygen concentration (mg o
2
/£) 
Q = total influent (and hence effluent) flow into 
the reactor 
D2N = mean dissolved oxygen concentrations in the 
various influent flows (mg o2/£) 
v = volume of the reactor (£) 
B = biologica~ oxygen consumption rate mg/ £/hr. 
If DOIN and Bare assumed to be constant during the course of the test, 
the solution to the above equation is: 
[ VR] DO = DO - DO + e 
o IN Q 
where 
VB 





= dissolved oxygen concentration at time t=O (mg o2/t) 
Usually the hydraulic retention time of the reactor, V/Q, is long com-. 
pared to the time ~t over which a test is done, so that the exponential 
term can be approximated with. adeq.uate accuracy by 
- Qt = 1 - Qt 
e V V 
The error in this assumption is less than 1/2 (Qt)
2 
v 
Combining Eqs. (4.1 and 4.2) yields: 
DO = DO 
0 
( DO - DO + VB)Qt 
o IN Q . V 
The slope of the linear plot of DC versus time t is given by, 
slope = -(D 
0 
VB)g_ 
- DOIN + Q V 




If the measured slope is taken to give an estimate of the true bio-
logical o
2 
demand, B, then from Eq. (4.5) the error introduced is 
The extent to which the biological oxygen consumption rate in the 
contact reactor can be over-estimated is illustrated by an example 
below: 
Consider the situation illustrated in Fig. 4.3 
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v 
c = 2l 
Qi = 36l/d 0 e =108lid 
Q 
r=72l/d 
Os= 2mg 02 /l 
Fig. 4.3 Oxygen mass balance in contact reactor. 
The contents of the reactor have been. oxygenated so that the dis-
solved oxygen level in the reactor, (and hence in the effluent) is 
8 mg o
2
/£. The influent flow has a zero dissolved oxygen level and 
the recyc~e flow has the same dissolved oxygen level as the stabili-
zation reactor, say 2 mg o
2
/£. Therefore the mean dissolved oxygen 
concentrations in the various influent flows are given by: 
Q .. 0. + Q . Qs 
DOIN 
l l ·r = Q(l + r) 
= 36 0 + 72-. 2 108 
= 1,33 mg o2/£ 
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The error term in the measurement is given by Eq. (4.6): 
Error = 1~8 (8 - 1,33) 
= 
This constitutes 'a significant error. 
Since the error term is inversely proportional to the hydraulic reten-
tion time of the reactor being measured, the example chosen constitutes 
an extreme case which is likely to occur only in the CSP. The stabili-
zation reactor, which has a large V/R value typical of normal activated 
sludge reactors, is far less sensitive to this error, and under testing 
conditions similar to those described above it only would have been 
approximately 1,5 mg o2 /£/hr. which can be ignored. 
Experimentally the following procedure was adopted to minimise this 
problem in the contact reactor. The influent and the contents of the 
stabilization reactor were aerated to a dissolved oxygen level equal 
to that in the contact reactor at the start of the test, i.e. DOIN = DO 
0
, 
and maintained at this level for the duration of the test. 
from Eq. (4.6) the theoretical error will be equal to zero. 
4.3.2 Mass Balance in Experimental Data 
.Hence 
The principles of conservation of energy and matter form an essential 
part in the analysis of activated sludge experimental data. If the 
data does not satisfy these two principles then the data must be con-
sidered to be unreliable an.d of dubious value for analysis purposes. 
The two checks which are most easily carried out are 
1. Nitrogen mass balance 
2. COD mass balance. 
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4.3.2.1 Nitrogen mass balahce ---------------------
Nitrogen enters the system in the form of ammonia and organic compounds, 
and the mass entering is measured by means of the TKN test. If the · 
system is nitrifying, most of the influent TKN is converted to nitrate 
and leaves the system in this form in the effluent. The nitrate mass 
thus leaving is measured by conducting .nitrate concentration tests on 
the effluent. The remainder of the nitrogen is either unaffected and 
also leaves the system in the effluent where it's concentration is 
measured, or is incorporated into the sludge mass and leaves the sys-
tem during the daily sludge wastage. The mass of nitrogen which is 
incorporated into the sludge was established by Ek.ama and Marais (1978) 
based on a large set of experiments and a survey of the literature. 
Consequently, the nitrogen mass balance of a set of data can be estab-
lished by utilizing the principle of the conservation of mass, as 
follows: 
= Q Nt + Q N + f .X ·w·Q e · ne n vc (4.7) 
where 
Q = daily influent flow (£/day) 
Nti = Unfiltered total TKN concentration in influent (mg N/£) 
Nte = Unfiltered total TKN concentration in the effluent 
(mg N/£) 
N = Nitrate concentration in effluent (mg N/£) ne 
f = Nitrogen fraction of the sludge n 
= 0,1 mg N/mg VSS 
X = MLVSS concentration in the wastage flow (mg VSS/£) vc 
·w = Sludge wastage flow ratio. 
4.3.2.2 COD mass balance 
Energy enters the system in the form of the organic matter in the in-
fluent and is measured by the COD test. The soluble COD in the influent, 
both biodegradable .and unbiodegradable, which leaves the system in it's 
' 
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original form, does so in the effluent flow, where its concentration is 
measured by the COD test. The particulate unbiodegradable fraction in 
the influent is enmeshed in the sludge floe and leaves the system in 
the sludge wasted, together with any biodegradable particulate matter 
which has not been degraded. 
The biodegradable COD fraction of the influent in both soluble and 
particulate form is the source of energy for biological metabolism. 
The fraction utilised as energy leaves the system in the form of heat 
and is measured by the mass of oxygen utilised. The balance of the 
biodegradable COD is incorporated in the sludge mass as active and 
endogenous organic mass and leaves the system in the waste sludge flow. 
The COD equivalent (or energy potential) of the sludge wasted has been 
established by Ekama and Marais (1978) from an extensive experimental 
investigation. Knowing the various points and masses of COD leaving 
the system, as well as the oxygen consumption rate, a COD mass balance 
can be made by utilizing the principle of conservation of energy in the 
following form: 




::: unfiltered total COD concentration in the 
influent (mg COD/ ,Q,) 
0 = process carbonaceous oxygen consumption cp 
rate (mg O/i/day) 
v = process volume ( ,Q,) p 
p = COD equivalent of VSS 
= 1,48 mg COD/mg VSS 
8
te = unfiltered total COD concentration in the 
effluent (mg COD/i) 
In a nitrifying system, the measured oxygenconsumption rate is the 
sum of the carbonaceous and nitrification oxygen demands. However, 
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the carbonaceous fraction may be calculated by deducting the nitrifi-
cation component as follows: 
0 = Ot - 4,57 . N . Q/V cp p ne (4.9) 
where 
Otp = total process oxygen consumption rate mg 0/£/day 
4.3.3 Time Invariant Flow and Load Conditions 
Time invariant flow and load conditions were established by feeding 
the unit a fixed daily quantity of influent with a fixed COD concen-
·tration at a constant rate over a whole day. The feed cycle was 
started at 11 am each day and sampling from the reactors and effluent 
for that cycle was done at approximately 9 am the following day so · 
that the unit could adjust to the daily feed batch before samples 
were taken. 
Daily samples of 100 m£ were pipetted from each reactor. The sludge 
was densified in a centrifuge and the supernatant poured off and 
filtered through Watman's No. 1 filter paper. Mercuric chloride was 
then added to the supernatant sample to ensure that any remaining 
bacteria were killed so as to prevent any further biological action 
taking place. The densified sludge from the two samples was then 
used to perform VSS tests, while the filtered supernatant samples were 
tested for COD, TKN and nitrate concentrations. An unfiltered sample 
of the effluent, taken at the same time as the samples from the re-
actors was also tested for.COD, TKN and nitrate concentrations, while 
an unfiltered sample of the influent, taken before the feed cycle 
commenced was tested to check the COD concentration and to determine 
the TKN concentration. The result of the COD test on the influent 
sample was always known before the next influent batch had to be pre-
pared so that any necessary adjustment to the dilution proportions 
could be made. In this way it was possible to maintain the influent 
COD concentration at a relatively constant level. The difference 
between the COD and TKN concentrations in the contact reactor samples 
4.18 
and the effluent samples were a measure of the concentration of solids 
being lost over the weir of the settling tank. Three oxygen demand 
tests were performed daily in each reactor at 9 am, 12 noon and 5 pm, 
and the average of the values calculated for the day. 
4.3.4 Cyclic Flow and Load Conditions 
To achieve cyclic flow conditions the concentration of COD and TKN in 
the influent was maintained at constant values. but the flow rate was 
varied cyclicly through the day, inducing a cyclic response from the 
unit. The only way that the responses could be delineated was to do 
tests at regular intervals over the whole 24 hour feed period. 
The two loading patterns employed were: 
(a) Sine wave flow pattern. This was achieved by using a specially 
designed peristaltic pump whic~ has a rheostat driven by a built-in 
timer which produced an approximate sine wave flow pattern with an 
amplitude of approximately 0,8 times the average flow every 24 hours. 
Table 4.10 shows the flow measurement and testing pattern employed for 
this test. 
(b) Square wave flow pattern. This consisted of a base flow continuous 
over 24 hours with a square wave superimposed of 12 hours duration and 
a· total flow rate of three times the base flow. This flow pattern was 
achieved by splitting the influent feed line to two feed pumps, one 
of which operated continuously over the full 24 hour cycle to provide 
the base flow, and the other set at the speed required to pump twice 
the base flow operated over a 12 hour period. Table 4.11 shows the 
testing pattern employed for this test. 
Before the cyclic loading patterns were imposed on the unit it had been 
run under time invariant flow and load conditions until it displayed a 
constant response pattern for at least two sludge ages. The unit -was 
then run under cyclic loading conditions for at least one sludge age 
(i.e. 6 days) before a 24 hour test was conducted. This procedure was 
followed to ensure that the unit was at a dynamic steady state at the 
The process parameters were now calculated: 
Assume V = 14 p 
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Because w is very small its value can be approximated by Eq. (3.17) 
w = (1 + r)/[l + QR (a+ r)/V ] 
s p 
= (1 + 2)/[l + 36,6(0,1 + 2)/14] 
= 0,08982 
Let 
v = 2 Q, 
c 
From Eq. (3.10): 
V (a + r - aw) 
c v = -------p 
a(l + r - w) 
= 2(0,l + 2 - 0,1 . 0,08982) 
0,1(1 + 2 - 0,08982) 
= 14,3 Q, 
From Eq. (3.2): 
v = v - v 
s p c 
= 14,3 2 
= 12,3 .Q, 
The true value of w for this experiment can be calculated now, using 
Eq. (3.17): 
w = (1 + 2)/[l + 36.6(0,1 + 2)/14,3] 
= 0,09169 
Checking the volumes using Eqs. (3,9 and 3.10): 
V = V r(l - a)/(a + r - aw) 
s p 
= 14,3 . 2(1 - 0,1)/(0,1 + 2 - 0,1 . 0,09169) 
= 12,31 Ji, 
V = V a(l + r - w)/(a + r - aw) c p . 
= 14,3 0,1(1 + 2 - 0,09169)/(0,l + r - 0,1 . 0,09169) 
= 1;989 
- 2 Ji, 
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The independent process design parameters for the unit are given in 
Table 4.1, and the process parameters defining the configuration of 
the unit are given in Table 4.2. 
on the unit is given in Table 4!3' 
A summary of the tests performed daily 
Once the daily tests indicated that the unit had reached a dynamic 
steady state, it was run for a further 23 days, or approximately 4 
sludge ages. Plots of the results are given in Figs. 4.4 to 4.7 in-
clusive and the results are tabulated in Appendix A.l. The mean values 
of these daily process variable tests were calculated and are given 
in Table 4.4. 
A nitrogen and COD mass balance check was done on the experimental data 
in accordance with Eqs. (4.7 and 4.8). The balance accounted for 94% 
of the influent nitrogen and 96% of the influent COD; these percentages 
were considered to be well within scope of allowable experimental error. 
Using Eq. (3.4), the experimental value of a is 0,107 whereas the de-
sign value is 0,100. 
As a result of the checks performed above, the experimental data were 
considered to be sufficiently accurate to be used for theoretical 
analysis. This is carried out in Section 4.5.2.1. 
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Table 4.2 
Independent Process Design Parameters for the Laboratory Scale 
Contact-Stabilization Unit run at 20°C and 6 day sludge age. 
Parameter Value 
Sewage Unsettled 
Sludge age, R (d) s 6,o 
Recycle ratio, s 2,0 
Fractional distribution of sludge in 0,10 
process, a 
Temperature oc 20 
Volume of process, v ( Q,) 14,3 p 
Influent flow, Q, (Q,/d) 36,0 
-
Table 4.2 
Process Parameters giving the Configuration of the Laboratory 
Scale Contact-Stabilization Unit run at 20°C and 6 day sludge age. 
Parameter 




Hydraulic Retention Time (hrs) 
Actual: Contact Reactor 
Stabilization Reactor 













Process Variables Measured on Experimental Contact-Stabilization Unit 
during time invariant tests. 
Contact Stabilization 
Variable Influent Reactor Effluent Reactor 
COD * x * x 
TKN * x * x 
MLVSS x x 
N0
3
,No2 x x x 
0 t -
t x x 
t Oxygen consumption rate 
* Analysis conducted on unfiltered samples 
x Analysis conducted on filtered samples 
Table 4.4 
Mean Values of Process Variables Observed during time invariant tests at 
20°C and 6 days sludge age over a Period of 4 Sludge Ages. 
Contact Stabilization 
Variable Influent Reactor Effluent Reactor 
COD (mg COD/£) 512 62 90 54 
TKN (mg N/£) 56 11 15 2 




<0,1 27 26 36 
0 t 61 - 32 t 
t Oxygen consumption rate 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































After the completion of the 6 day sludge age test the running procedure 
of the unit was adapted to a 10 day sludge age. It was estimated that 
an influent of 
Q = 2 4 i I day · 
with a COD concentration of 
sti = 500 mg/9v 
would result in a similar X to that obtained in the previous test. vp 
The independent process design parameters for this test are given in 
Table 4.5. These were used to calculate the process parameters for 
the unit as before, and the results are given in Table 4. 6 
Once a.dynamic steady state had been achieved, the unit was monitored 
for 25 days or 2 1/2 sludge ages in accordance with the daily test 
pattern set out in Table. 4.3. The daily results are shown plotted in 
Figs. 4.8 to 4.11 inclusive and tabulated in Appendix A.2. The mean 
values of these daily process variable tests were calculated and are 
given in Table 4.7. 
As before, the nitrogen and COD mass balances were checked in accor-
dance with Eqs. (4.7 and 4.8). The balance showed a nitrogen and COD 
recovery of 96% and 97% respectively, which is within the limits of 
reliability of the .test cum process and considered highly satisfactory. 
The data gives a value for a = 0,104 (theoretically a= 0,10) which is 
also considered to be satisfactory for analysis purposes. This data 
is analysed in Section 4.5.2.2. 
Shortly after the establishment of the first unit, a second, identical 
unit was started up in a cold room, at a constant temperature of 12°C. 
The design parameters were the same as those given in Table 4.1, except 
4.29 
Table 4. 5 
Independent Process Design Parameters for the Laboratory Scale 
Contact-Stabilization Unit run at 20°C and 10 days sludge age. 
Parameter Value 
Sewage Unsettled 
Sludge age, R ( d) s 10,0 
Recycle ratio, s 2,0 
Fractional distribution of sludge in 0,10 
in process, a 
Temperature oc 20 
Volume bf process, v ( Q,) p 14,3 
Influent flow, Q, ( Q,/ d) 24,o 
.Table 4.6 
Process Parameters giving the Configuration of the Laboratory 
Scale Contact-Stabilization Unit run at 20°C and 10 days sludge age. 
Parameter Value 
Waste flow ratio, w 0,083 
Volume ( Q,) 
Contact Reactor 2,0 
Stabilization Reactor 12,3 
Hydraulic Retention Time (hrs) 
Actual: Cont act Reactor o,66 
Stabilization Reactor 6,27 
Nominal: Contact ReEj,ctor 1,98 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































that the process temperature was 12°C. The process parameters and the 
testing pattern followed were identical to those shown in Tables 4.2 
and 4.3 respectively. Two series of tests were run, with and without 
nitrification respectively. 
(a) Unit run with nitrification 
Initially no attempt was made to inhibit the growth of nitrifying 
organisms, and nitrification was found to occur readily. Once a dynamic 
steady state was established, the unit was monitored under these con-
ditions for 34 days, or approximately 5-1/2 sludge ages. The daily 
results are plotted in Figs. 4.12 to 4.15 inclusive and are tabulated 
in Appendix A.3. The mean values of these daily process variable 
tests are given in Table 4.8. 
The mass balance checks were performed on the data as before, utilizing 
Eqs. (4.7 and 4.8). Whereas the nitrogen mass balance provided an 
excellent recovery of 101%, the COD mass balance resulted in a highly 
unsatisfactory recovery of only 83%. An intensive effort was made to 
find the reason for this imbalance. 
It was first thought that the problem lay in the measurement of the 
oxygen consumption rate. Different oxygen meters and recorders were 
used to measure the same consumption rates at 20° and 12°, but con-
sistent results were still obtained at both temperatures. Different 
methods of calibrating the oxygen probe were then attempted, but all 
gave essentially the same results. The drive rate of the recorders 
which op~rates the time scale of the dissolved oxygen versus time 
plot was checked in both recorders and found to be accurate. 
The possibility of the fault lying with either the COD or VSS tests 
was also considered. However, exactly the same sampling and testing 
techniques, equipment and chemicals were employed for samples coming 
from the units at both 20°C and 12°C. Furthermore, these samples 
were tested in random order, hence it is considered to be highly un-
likely that an e~perimental error could 'have occurred in the testing 
of only the samples from the 12°C unit. 
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Table 4. 7 
Mean Values of Process Variables Observed during time invariant tests at 
20°C and 10 day sludge age over a period of 3~ sludge ages. 
I 
i Contact Stabilization I 
Variable Influent Reactor Effluent Reactor 
.COD (mg COD/£) 496 52 61 42 
I 
TKN (mg N / 9,) I 47 I 11 I 12 5 








I <0,1 22 21 29 
I I 0 t I - 49 - 22 t I I 
I 
t Oxygen consumption rate 
Table 4. 8 
Mean Values of Process Variables Observed during time invariant tests 
at 12°C and 6 days sludge age with nitfirication over a period of 5; 
sludge ages. 
Contact Stabilization 
Variable Influent Reactor Effluent Reactor 
COD (mg COD/£) 510 55 69 49 
TKN (mg N/9,) 50 14 15 6 





<0,1 22 22 29 
0 t - 33 - 25 t 
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4.40 
This problem of obtaining a poor COD mass balance on activated sludge 
plants running at 12°C has been encountered previously. An analysis 
of the data published by Ekama and Marais (1978) for a CMAS system run 
at 12°C and sludge ages of 3,3 and 30 days for cyclic and steady state 
tests gave COD recovery rates of 84%. Nitrogen recbveries were, 
however, all within acceptable limits. 
Returning to the lack of an acceptable balance on the CSP COD values,in 
an endeavour to obtain a clearer insight into what the problem might be 
it was decided to inhibit nitrification in the unit so that the measured 
oxygen consumption rate would be equal to the carbonaceous oxygen con-
sumption rate. 
(b) Unit run without nitrification 
By adding 720 mg of thiourea to each daily influent batch of 36 ~' the 
growth of nitrosomonas was inhibited to such an extent that nitrifica-
tion in the .plant ceased completely. The thiourea appeared to have 
very little effect on the heterotrophic organisms, although the unit 
had to be run for nearly 3 sludge ages before a dynamic steady state 
was achieved. The unit was monitored for a further 12 days, or 2 sludge 
ages, in accordance with the test pattern set out in Table 4.3. The 
results are plotted in Figs. 4.16 to 4.19 inclusive, and tabulated in 
Appendix A.4. The mean values of these daily process variables are 
given in Table 4.9. 
When the mass balance checks were performed on the data, results similar 
to those for the nitrifying unit were achieved. The nitrogen mass gave 
a recovery of 106%, which, though a little high, was quite acceptable. 
However, the COD mass balance again gave a low recovery of 84%, which 
is only marginally better than the one for a nitrifying unit. 
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Mean Values of Process Variables Observed during time invariant tests at 
12.°C and 6 days sludge age without nitrification over a period of 2 sludge ages. 
I I Contact Stabilization 




COD (mg COD/Q,) I 503 69 i 75 64 I I 
i 
I TKN (mg N / Q,) 54 41 I 43 41 I I 
MLVSS (mg vss/i1 - 1,545 - 2124 
N0
3 
+ N02 <0,1 <0,1 
<O,l I <0,1 I 
ott I - I 24 - 14 
t Oxygen consumption rate 
I 
4.4.2 Cyclic Flow and Load Conditions 
Once the unit had been allowed to achieve a dynamic steady state for 
the sine wave loading pattern as described in Section 4.3.4, two 24 
hour tests were performed 4 days apart. However, only the first test 
is reported here as the second test produced an unacceptable mass 
balance. 
The testing pattern for the 24 hour test is given in Table 4.10 and 
the results are plotted in Fig. 4.20 and tabulated in Appendix A,5, 
Because the cyclic ·feed pump was difficult to set exactly, the daily 
feed was 37 Q,/d. As a result the recycle ratio, r, was 1,92, not 2, 
and the sludge wastage flow ratio, w, was 0,089, not 0,092. 
Mass balances performed on the data gave: a nitrogen recovery of 107% 
and a COD recovery of 96%, whi.ch was considered to be satisfactory. 
The process parameters were the same as for the steady feed and load 
tests are given in Tables 4.1 and 4.2. 
Section 4. 5 .1.1. 
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4. 47 
Table 4.10 
24 Hour Testing Pattern for Sine Wave Test 
Time Pump in@ COD TKN NITRATE vss O.D; 
Rate 
c s E c s E c s E c s c s 
0000 x x x x x x x x x x x x x x 
1000 x x x 
2000 x x x x x x x x x 
3000 x x x 
4000 x x x x x x x x x x x x 
5000 x x x 
6000 x x x x x x x x x x x 
7000 x x x 
8000 x x x x x x x x x x x x 
9000 x x x 
1000 x x x x: x x x x x 
· 1100 x x x 
1200 x x x x x x x x x x x x x x 
1300 x x x 
1400 x x x x x x x x x 
1500 x x x 
1600 x x x x x x x x x x x x 
1700 x x x 
1800 x x x x x x x x x x x 
1900 x x x 
2000 x x x x x x x x x x x x 
2100 x x x 
2200 x x x x x x x x x 
2300 x X. x 
2400 x X. .x x x x x x x x x x x x 
4.48 
4.4.2.2 
After the completion of the sine wave tests the unit was run under 
time invariant flow and load conditions for a period of one sludge age 
before the load cycle was changed to a square wave pattern. This 
consisted of a base flow of 18 £/day which was fed continuously and a 
square wave of 12 hour duration with a total flow of three times the 
base flow, i.e. 54 £/day. 
The process parameters are the same as those for the steady feed and 
load tests and are given in Tables 4.1 and 4.2. The testing pattern 
for the 24 hour test is given in Table 4.11, and the results are 
plotted in Fig. 4.21 and tabulated in Appendix A.6. During this test 
the temperature of the influent flows and the temperature and pH of 
the two reactors were also checked on an hourly basis and the results 
are tabulated in Appendix A.7. As will be evident from the testing 
pattern, the period immediately following the start and end of the 
high rate feed was tested at short intervals so that rapid changes 
in response could be monitored. 
Mass balance checks on the data produced 100% recovery from nitrogen 
and 104% for COD, which was considered to be satisfactory. 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4 .11 
24 Hour Testing Pattern for Square Wave Test 
Time COD TKN NITRATE vss O.D. 
c s E c s E c s E c s c s 
1000 x x x x .X x x x x x x x x 
llOO x x 
1200 x x x x x x x x x x x x x 
1250 x x 
I 1300 x x x x x x x x x x x x x 
1350 x x . 
1400 x x x x x x x x x x x 
I 1500 x x 
1600 x x x x x x x x x x x 
' 
1700 x x 
1800 x x x x x x x x x x x x x 
1900 x x 
2000 x x x x x x x x x x x 
2100 x x 
2200 x x x x x x x x x x x x x 
2300 x x 
2400 x x x x x x x x x x x x x 
0050 x x 
0100 x x x x x x x x x x x x x 
0150 x x 
0200 x x x x x x x x x x x 
0300 x x 
o4oo x x x x x x x x x x x 
0500 -x x 
0600 x x x x x x x x, x x x x x 
0800 x x x x x x x x x x x 
0900 x x 




4.5 THEORETICAL ANALYSIS OF EXPERIMENTAL DATA 
In the model both the adsorption and bi-substrate hypothesis assume that 
all particulate COD and TKN not adsorbed or assimilated by the active 
fraction of the sludge are enmeshed by the sludge floe and removed from 
the process effluent in the settling tank. Furthermore, it is assumed 
that the settling tank is completely efficient so that the respective 
COD and TKN tests, when performed on the filtered contact reactor con-
tents and unfiltered process effluent, should theoretically give identical 
values. On studying the experimental data it is clear that the settler 
certainly did not operate with 100% efficiency. The values from the 
effluent were invariably greater than those from the contact reactor. 
There are two possible explanations for the discrepancy noted above; 
(1) enmeshment of the particulate substrate by the floe is complete 
within the short contact time; but the settling tank is not perfectly 
efficient, so that solids escaping have the same constituent fractions as 
the mixed liquor. This would cause, in effect, a reduction of the sludge 
age. (2) The enmeshment by the floe of the smaller feed particles of 
COD and TKN is not as complete as assumed, i.e. there is only partial 
removal of the particulate substrate in the short contact time available. 
This would, in effect, cause a reduction in the biodegradable COD and 
TKN available for metabolism and hence a reduction in the active mass 
generated, but would not affect the sludge age. The consequence of the 
two extreme alternatives will now be analysed and discussed. 
Since the effects are most clearly illustrated by the analysis of the 
cyclic square wave data, this data is· analysed first. 
rable 4.12 gives the characteristics of the Strandfontein sewage utilized 
) 
in this investigation.and Table 4.13 gives the full list of model constants. 
4.5.1 Cyclic Flow and Load Conditions 
4.5.1.1. Square Wave Pattern 
(1) Full enmeshment and sludge loss via effluent 
. --------------------------------------------
If it is assumed that the settling tank is not perfectly efficient but 





















Characteristics of the Strandfontein Raw Sewage 
Value Units Symbol Value Units 
0,234 mg COD/mg COD f o,oo mg N/mg N un 
0,10 mg COD/mg COD f 0 '75 mg N/mg N na 
0,09 mg VSS/mg COD 
Values of the kinetic constants for the adsorption and 
bi-substrate models upon which the Theoretical Predictions 
are based 
Value 
Units Symbol Units 
Adsorp Bi-sub Adsorp Bi-sub 
0,135 0,135 £/mg VSS/d f 1,00 1,00 mgN/mg VSS oe 
2,50 2,50 mgCOD/mgVSS/d f 1,00 1,00· mgN/mg VSS 
OS 
- 3,00 mgCOD/mgVSS/d f 1,00 1,00 mgVSS/mgVSS ma 
100 100 mg COD/£ f .o ,078 - mgCOD/mgCOD ca 
- 20 mg COD/£ Kr20 0,015 0,015 /mgVSS/d 
0,24 0,24 /d 
o,48 o,45 mgVSS/mgCOD 11nm o,66 o,66 /d 
0 ,20 0,20 mgVSS/mgVSS K 1,00 1,00 mg N/.Q, n 
0,10 0,10 mgN/mg VSS bn20 0,04 0,04 /d 
1,48 1,48 mgCOD/mgVSS y .0 ,10 0,10 mgVASS/mgN n 
' 
4.53 
unfiltered COD effluent values is due to sludge particles escaping in 
the effluent. The loss of sludge via the effluent will affect the 
sludge age of the system, so it must be adjusted before a valid com-
parison can be made between the model and the experimental observations. 





* (MSte - MStc)36/P 
(97 - 80)36 mg VSS/d 
1,48 
444 mg VSS/d 




X ( ).w.Q vc ave 
1455 • 0,0917 . 36 
4803 mg VSS/d 
Total mass of sludge wasted daily 
= 4803 + 444 
= 5247 mg VSS/d 
Total mass of sludge wasted 












Now from Eq. (3.17) 
w = (1 + r)/[l + QRs(a + r)/VP] 
0,1002 = 1 + 2 1 + 36 . R (0,1 + 2)/14,3 s 
0,1002 = 3 
1 + 5,29.R 
s 
i.e. 
R = 5,5 days. s 
4.54 
Both the adsorption and th~ bi-substrate hypothesis models were run at 
sludge ages of 5,5 days, and the results can be compared with the experi-
mental data in Figs. 4.22 and 4.23 respectively. 
(2) ~~~!~~~-=~~=~~=~!_:_E~~!~~~~~!=-~~~-=~~~E=~-~~-!~=-=!!~~=~!~-~~! 
!~=~=-~~-~~-~~~~~=-~~~~· 
A fraction of the accumulated particulate COD concentration entering the 
settling tank is allowed to escape in the effluent, but no sludge is 
lost dia the effluent, i.e. the sludge age is not effected and remains 
at 6 days. By trial simulation the best correlation. between theoretical 
predictions and experimental observations was achieved if 60% of the 
I 
unadsorped particulate COD entering the settling tank was assumed to 
remain unenmeshed. The predictions of the adsorption and bi-substrate 
models when adapted to allow only partial enmeshment can be c0mpared with 
the experimental observations in Figs. 4.24 and 4.25 respectively. 
Discussi·on 
Table 4.14 gives a comparison between the parameter values of all four 
versions of the model and the experimental data when averaged over the 
whole cycle. The values in the table g'ive a very good indication of the 
respective daily masses involved in the process and consequently provide 
a valuable means of judging the overall performance of the various ver-
sions of the model. 
It must be noted that in the case of full enmeshment versions of the 
adsorption and bi-substrate models, the experimental effluent COD values 
to be compared.with the theoretical are filtered ones, while for the 
partial enmeshment versions the unfiltered experimental COD effluent values 
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4.59 
Table 4 .14 Comparison of parameter values averaged over the full feed 
cycle for the square wave test . 
J 1Bi-substrate Adsorption;Bi-substrate!Adsorption I 
Parameter Experimental
1with full with full iwith partial1with partial: 




x 1458 1357 1401 ~ 1388 1415 ve l 
x 2051 1913 I 1975 i 1959 1996 vs ~ 
x 1968 1836 1895 
I 
1879 1915 vp 
MX 4912 4958 5119 4581 4670 
YW 
0tc 39 ,5 I 43,8 48,5 44,5 47,9 
I ots 27,6 30,6 31,0 29,4 29,4 
0 7,5 
I 
9,0 8,8 9,6 9,4 np 
0 I 21,6 23,4 24,6 21,9 22,6 cp 
I otp 29,3 
I 32 ,4 33,4 31,5 32,0 





50 53 50 
I MSte * 97 - ' I - 103 92 
80 71 I 50 71 50 I MS 
I I 
te 
N 11,9 11,6 I 11,7 
I 
11,4 11,7 I tc I 
4,2 
I 
2,4 I Nts 2,3 2,2 2,3 
15,7 13,9 14,1 13,8 14,1 I Ml\e I 
I 16,7 20,4 19,7 i 21,7 21,1 N nc 
I 
N 22,8 27,4 26,3 29,0 28,1 ns 
MN 15,6 18,8 18,2 19,9 19,4 
I ne 
X X and X = the average sludge concentrations in the contact 
vc' vs vp 
reactor, stabilization reactor and overall process 
respectively (mg/£) 
MX = total mass of sludge wasted daily (mg/day) 
vw 
Otc' Ots = the average mass of oxygen utilized in the contact and 
stabilization reactors respectively (mg/£/hr) 
0 0 0 = the average process O""''gen utilization rates for ni-np' cp' tp ~ ,." 






S S = the average filtered COD concentrations in the contact and 
tc' ts 
stabilization reactors respectively. 
MSte*, MSte =the respective average unfiltered and filtered masses 
of COD leaving the system per litre of effluent 
Ntc' Nts= average filtered TKN concentrations in the contact and 
stabilization reactors respectively (mg/£) 
MNte = the average unfiltered TKN mass leaving the system per litre 
of effluent. 
N N = the average concentrations of nitrates in the contact and 
nc' ns 
stabilization reactors respectively. 
Considering full enmeshment in the adsorption model, because no soluble 
biodegradable COD fraction is hypothesized, the filtered COD values in the 
contact reactor, stabilization reactor and the effluent are predicted as 
constant, equal to the concentration of soluble unbiodegradable COD in 
the influent (Fig. 4.22). In. contrast, the bi-substrate hypothesis, 
because it assumes different metabolism rates for the soluble and the 
particulate COD, predicts a marked cyclic behaviour of the soluble COD 
in the contact reactor and the effluent and a low, virtually constant 
value equal to the unbiodegradable soluble COD in the stabilization 
reactor. 
With regard to the soluble COD concentrations, the experimental data 
shows the same behaviour as that predicted by the bi-substrate model, 
although the observed filtered COD values in the contact reactor and 
effluent are higher than predicted during the square wave loading 
phase (Fig. 4.23). Therefore, despite the fact that the full enmesh-
ment bi-substrate model under predicts the observed average filtered 
COD concentration in the effluent by about 11% (Table 4.14), the bi-
substrate hypothesis gives a very much more realistic description of 
the COD concentrations in the CSP than the adsorption hypothesis. 
In the partial enmeshment version of the adsorption and bi-substrate 
models, both the filtered COD concentration in the contact reactor and 
the unfiltered COD concentration in the effluent can be compared. Con-
sidering the unfiltered COD concentration in the effluent both models 
give satisfactory correspondence between experimental and theoretical 
values. (Figs. 4.24 and 4.25). 
4.61 
The average mass of COD leaving the system per litre of effluent, MSte*, 
is underpredicted by the adsorption model by approximately 6%, whereas 
the bi-substrate model overpredicts the value by the same amount. However, 
the filtered COD concentrations in the contact reactor again underline the 
superiority of the bi-substrate hypothesis in predicting the presence of 
soluble biodegradable COD in the contact reactor. (Table 4 .14) . 
It would appear therefore that the bi-substrate hypothesis is superior 
to the adsorption hypothesis in predicing the COD concentrations in the 
CSP, and that the partial enmeshment version of the model is marginally 
better than the full enmeshment version. This assessment, however, is 
not clear cut enough to justify the adoption of the partial enmeshment 
version of the bi-substrate model without making further comparisons 
between other theoretical and experimental parameters. Comparisons 
that can be made are (1) VSS concentrations in the reactors, (2) oxygen 
consumption rates, (3) TKN and (4) Nitrate concentrations in the reactors. 
(1) VSS concentrations 
The theoretical predictions for the four versions are shown in Figs. 
4.22 to 4.25. The cyclic changes are all in excellent agreement with 
the experimental observations. 
With regard to the average concentrations of sludge in the system, (X ), 
vp 
shown in Table 4.14, all four versions of the model give concentrations 
which are within 4% of each other, and although all the predictions are 
lower than the experimentally observed values, they are all within 7% 
of it. It would appear therefore, that no additional evidence in support 
of the partial enmeshment bi-substrate version over the others can be de-
rived from studying the VSS concentration predictions. 
(2) Oxygen consumption rate 
(a) In the contact reactor: 
Before analysing the difference between the theoretical and experimental 
oxygen consumption rates in the contact reactor, the severity of the test 
being placed on the pr~dictive powers of a general activated sludge model 
must be clearly understood. During the squal'.'e wave flow period 9% of the 
4.62 
sludge in the process removes approximately 80% of the influent COD 
and 70% of the influent TKN in a contact time of 23 minutes. Therefore, 
with the relative lack of sophistication inherent in models at this stage 
of our knowledge, the best, that can be hoped for with a parameter as 
sensitive as the oxygen consumption rate in the contact reactor is that 
the trends in its cyclic behaviour pattern are correctly predicted. Too 
much emphasis therefore must not be placed on the finer details of cyclic 
behaviour patterns or on absolute values of the oxygen consumption rate 
in the contact reactor. 
The adsorption hypothesis predicts a markedly cyclic behaviour which 
closely follows the square wave feed pattern (Figs. 4.22 and 4.24), 
whereas the experimental values remain virtually constant throughout 
the whole cycle. Furthermore, Table 4.14 shows that the adsorption 
hypothesis overpredicts the average oxygen consumption rate in the 
contact reactor by 22%. In contrast, the bi-substrate hypothesis pre-
dicts a pattern which is much closer to the experimentally observed 
values (Figs. 4.23 and 4.25). However, the bi-substrate hypothesis does 
predict a tendency for the values to increase gradually during the 
square wave feed period, whereas the experimentally observed values 
remain relatively constant throughout the whole cycle. The average 
value given in Table 4.14 shows the bi-substrate theory overpredicts 
the oxygen consumption rate in the contact reactor by 12%. 
The fact that the oxygen corlsumption rate in the contact reactor remains 
virtually constant throughout the cycle is an observation not at all to 
be expected from experience of activated sludge behaviour. Intuitively 
it would be expected to f6llow the same cyclic response pattern as the 
influent feed, similar to the way predicted by the adsorption hypothesis. 
In order to understand the reasons for this behaviour, it must be appre-
ciated that it is due to a hydraulic phenomenon in the CSP: Earlier in 
this chapter the point was made that as the recycle ratio increases the 
CSP approaches a completely mixed condition. Now the recycle flow remains 
constant at a selected value of twice the average influent flow rate 
throughout the cycle, so that during the base influent flow period the 
recycle ratio is in fact equal to (2 x 36)/18 = 4. Hence the process 
4. 6 3 
I 
is closer to a completely .mixed situa~ion than when it is subjected to 
the square wave flow, when the recycle ratio is equal to (2 x 36)/54 = 
1,33. This is reflected in the behavioural pattern of the VSS concentra-
tions in the contact and stabilization reactors where it can be seen that 
the diff~rence between the concentrations increases wh~n the recycle ratio 
decreases because the VSS get "washed out" of the contact reactor by the 
high influent flow rate. 
' The cyclic behavioural pattern of the sludge concentration in the contact 
reactor described above is the key to explaining the relative cbnstancy 
of the oxygen consumption rates observed experimentally. This is clearly 
illustrated in Figs. 4.26 and 4.27, which show the variation of the X , 
ac 
0 , 0 , 0 , 0 and Ot concentrations 
ac sc e c nc c . 
in the contact reactor predicted 
by the bi-substrate and adsorption hypotheses respectively. Dealing with .. 
the bi-substrate hypothesis predictions first: When the square wave flow 
period commences, the availability of substrate in the contact reactor in 
creases, and therefore the oxygen consumption rate for synthesis, 0 , 
SC 
increases. However, concomitant with the increase in the substrate, there 
is a decrease in the concentration of active mass, X , in the contact 
ac 
reactor and hence a decrease in the oxygen consumption rate for endogenous 
respiration. Because nitrification is taking place virtually at the 
maximum rate in the contact reactor even under base flow conditions, as the 
nitrosomonas get "washed out" by the square wave flow, the oxygen consumption 
rate for nitrification decreases. Hence the increase in oxygen consumption 
rate of synthesis and the decrease for endogenous respiration and 
nitrification tend to cancel, giving rise to the constancy of the total 
oxygen consumption rate. 
During the square wave flow period the active mass of the whole process 
gradually increases due to the high metabolism rate. The values of 
X 0 O and 0 increase accordingly, resulting in a gradual increase 
ac' sc' ec nc 
in Ot . At the point in time at which the square wave flow is switched c 
off, X increases sharply to the value under the base flow, inducing a 
ac 
corresponding sharp increase in 0 and 0 ec nc 
However, the organisms still 
have a large mass of particulate substrate· stored and the level of soluble 
substrate concentration in the contact reactor is still relatively high. 






















































































































































































































































































































































































































































































































































































































































































































the increase in 0 and 0 giving rise to the theoretically predicted 
ec nc 
sharp upward trend in Otc inunediately subsequent to the switching off of 
the square wave flow. 
In the case of the adsorption hypothesis, analysed in Fig. 4.27, the drop in 
the oxygen consumption rate for endogenous respiration, 0 , and nitrification, ec 
0 nc' is not enough to cancel out the sharp increase in the oxygen consumption 
rate for adsorption, 0 , while 0 only increases very gradually as the 
ac sc 
concentration of X builds up in the process. This, according to the ad-
ac 
sorption hypothesis, results in the square wave shaped cyclicity in the 
total oxygen demand in the contact reactor. 
The fact that neither of the above two cyclic responses predicted by the 
bi-substrate and adsorption hypotheses accurately reflect the constant 
response observed experimentally in the contact reactor is probably 
due to the inherent deficiencies in the experimental procedures for 
measuring the oxygen consumption rate. Unfortunately, due to the extreme 
sensitivity of the oxygen consumption rate in the contact reactor, the 
experimentally observed values of Otc cannot be divided up satisfactorily 
into their constituent components in the same way as the theoretical 
values can, 
It is very likely that the sharp localised peak predicted by the bi-substrate 
hypothesis just after the cessation of the square wave feed can be missed 
by the experimental testing procedure, but it is less likely that the more 
prolonged peak predicted by the adsorption hypothesis will escape detection 
experimentally. In the experimental investigation no special care was 
taken to pick up the localised peak predicted by the bi-substrate hypothesis 
because at the time the bi-substrate model had not yet been properly cali-
brated and was predicting a square wave cyclicity more severe than that 
predicted by the adsorption theory. It was only after the data generated 
in the investigation was used to calibrate the bi-substrate model that an 
awareness of the possible existence of the localised peak arose. In retro-
spect it would have been preferable to have applied a square wave loading 
pattern more severe than that used and to have monitored more thoroughly 
the period immed,iately after the termination of the square wave flow. 
Because the oxygen conswnption rate in the contact reactor is dominated 
by the requirements for assimilation of soluble COD and nitrif,ication, it -
is not affected by the degree of enmeshment of particulate COD by the sludge 
floe. Hence, whereas it would appear that the bi-substrate hypothesis pro-
vides a more accurate prediction of the oxygen conswnption rate in the 
contact reactor than the adsorption hypothesis, it is not possible to es-
tablish from this parameter whether the partial enmeshment version of the· 
bi-substrate model is preferable to the full enmeshment version. The 
analysis of the oxygen conswnption rate in the 'stabilization reactor does, 
however, allow a decision to be made about which of the two versions is 
preferable. 
(b) In the stabilization reactor: 
In the stabilization reactor both the adsorption and the bi-substrate full 
enmeshment models predict virtually identical values for the oxygen con-
sumption rate, but the theoretical values are approximately 12% higher than 
the experimentally observed values (Fig. 4.22 and 4.·23). The partial en-
meshment versions of the adsorption and bi-substrate models also predict 
identical values, but there are far closer to the experimentally observed 
values than the full enmeshment versions, the overprediction only being 
about 6% (Fig. 4.24 and 4.25). The reason that partial enmeshment versions 
give better predictions for the oxygen conswnption rate in the stabilization 
reactor is that it allows particulate unassimilated COD to escape from the 
system in the effluent, thus diminishing the COD load on the stabilization 
reactor. From Table 4.14 it is evident that the process oxygen demand for 
nitrification, 0 , is overpredicted by all four models, whereas the oxygen np 
conswnption rate for carbonaceous degradation, 0 cp, is very accurately 
predicted by the partial enmeshment bi-substrate model. Because most of 
' the biological activity takes place in the stabilization reactor, the trends 
in the average process oxygen consumption rates mentioned above are likely 
to be also evident in the stabilization reactor. 
The plotted experimental and theoretical partial enmeshment l;>i-substrat.e 
values of 0 , 0 and Ot are shown in Fig. 4.28. It can be seen ns cs s 
that the correspondence between the experimental and theoretical values 
of ocs is considerably better than that for the ots values. 
During the base flow period Ocs is underpredicted whereas Ons is 
'- .c.
















































































































































































































































































































































overpredicted. This means that when 0 and 0 are added together to 
ns cs 
form ots they tend to cancel one another out, and the total oxygen con-
sumption rate is thus apparently accurately predicted under base flow 
conditions. However, during the square wave flow period both 0 and 0 ns cs 
are overpredicted which results in Ots being overpredicted. 
In the case of the full enmeshment bi-substrate model; theoretical values of 
o· 0 and ot are plotted with the experimentally observed values in ns' cs s 
Fig. 4.29, and it can be seen that the carbonaceous oxygen consumptioh rate 
is overpredicted to a much large extent than by the partial enmeshlnent 
version. 
The detailed analysis of the oxygen consumption rates in the contact and 
stabilization reactors discussed above strongly support the partial enmesh-
ment bi-substrate model as the one which most accurately predicts the 
oxygen consumption rates in the CSP. 
(3) TKN Concentrations 
All four versions of the model very accurately predict the experimentally 
observed filtered TKN concentrations in the contact reactor. The average 
values, Ntc, in Table 4 .14 are all within 4% of the experimentally observed 
values, and Figs. 4.22 to 4.25 all show an excellent correspondence between 
experimentally observed and theoretically predicted values. Thus this 
parameter is of no use in establishing the relative merits of the four 
versions of the model; the same comment applies to the TKN concentration 
in the stabilisation reactor: The predicted values all stay virtually 
constant at 2,3 mg/£ throughout the cycle whereas the experimentally ob-
served values are randomly scattered round 4,2 mg/£. This difference can 
easily arise due to a larger quantity of very slowly biodegradable TKN 
than is usually found in Strandfontein sewage, being present in the batch 
of sewage used for the test. 
(4) Nitrate Concentration 
The nitrate concentration in the contact and stabilization reactor is the 
one parameter which the partial enmeshment versions do not predict as well 


















































































































































































































































































as the full enmeshment versions. In Figs. 4.22 to 4.25, whereas the 
cyclic behavioural pattern observed experime~tally is similar to that 
predicted by all four versions of the model, the predicted values are all 
much higher than those observed. Moreover, the full enmeshment versions 
(Fig. 4.22 and 4.23) are much closer to the observed values than the par-
tial enmeshment versions (Fig. 4.24 and 4.25). In Table 4.14 the average 
nitrate concentration values are overpredicted by approximately 30% by 
the partial enmeshment versions and 20% by the full enmeshment versions. 
The problem of obtaining closer fits for predicted and observed nitrate 
values has also been encountered by Ekama and Marais (1978): Throughout 
the development of the general model the nitrification aspect has been 
the one most prone to inconsistency between experimental and theoretical 
values. The reasons for this are probably the following: (i) the model 
accepts a very simplistic approach to the competition between the hereto-
trophs and the autotrophs for the use of the available TKN, (ii) nitri-
fication is due only to two organisms, nitrosomonas and nitrobacter, instead 
of the wide spectrum of organisms associated with COD reduction. Consequently 
nitrification tends to be sensitive to temperature and pH and the presence 
of toxins, (iii) each of the sewage batches will have a composition unique 
to itself which, due to (ii) above gives rise to a different nitrification 
response. In the particular batch on which this 24 hour test was performed, 
for example, the TKN level in the stabilization reactor was consistently 
higher then observed on average over a period of time in prior batches. 
In this particular test the experimentally measured sludge concentrations 
and TKN lost in the effluent was higher than that predicted by the model 
(Table 4.14). Consequently there was less TKN available for nitrification, 
and hence the measured nitrates were lower than those predicted. Unless 
the 24 hour test is repeated a large number of times it is unlikely that an 
explicit statement regarding the error in the model predictions can be made. 
Taking an overall view, the analysis of the square wave data would seem to 
indicate that the partial enmeshment bi-substrate model is the most reliable 
of the four models discussed in describing the response of the CSP. 
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4.5.1.2 Sine Wave Pattern 
Full enmeshment version: 
An analysis of the sine wave experimental data in terms of the full enmesh-
ment assumption. established that the additional loss of sludge in the 
effluent effectively reduced the sludge age from 6 to 5,6 days. Both the 
adsorption and bi-substrate models were run assuming full enmeshment and 
a sludge age of 5,6 days. The predicted and experimentally observed results 
can be compared in Figs. 4.30 and 4.31. 
Partial enmeshment version: 
For the partial enmeshment version of the adsorption and bi-substrate 
models, the sludge age was maintained at 6 days, and a comparison between 
the predicted and experimentally observed results can be made from the 
plots in Figs. 4.32 and 4.33. 
Discussion 
In Table 4.15 the averaged experimentally observed parameter values and 
those predicted by all four versions of the model are listed. In general 
the sine ~ave data confirms the trends which were evident in the square 
wave data and are discussed below under a number of headings. 
COD concentrations: 
The unfiltered COD concentrations in the effluent are most accurately pre-
dicted by the partial enmeshment version of both the adsorption and bi-
substrate models (Figs. 4 .32 and 4 .33 ) . The filtered COD concentrations 
in the contact reactor however, confirm the finding in the square wave 
analysis that the partial enmeshment adsorption model is unable to predict 
the observed cyclic behaviour of the filtered COD concentrations in the 
contact reactor. In contrast, the bi-substrate version predicts a cyclic 
response in the filtered COD values in the contact reactor, although the 
predicted values are slightly lower than those observed . 
• 
In .the stabilization reactor all four versions accurately 
predict the COD concentrations and this parameter does not 
therefore provide evidence for or against any of the versions. 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































reactor described in the previous paragraph, the partial enmeshment bi-
substrate model can be seen to give the best overall predictions of the 
COD concentrations in the CSP. 
VSS concentrations: 
As in the case of the square wave data, the VSS concentration in the 
reactors is not a useful parameter in establishing the relative merits 
of the four models. Figs. 4 30 to 4. 33 show that the corresponden.ce 
between the experimental values and the predicted values is excellent, 
with the exception of the one value at 2000 hours. However, this value 
can be ignored as it was most likely due to an experimental error. 
Oxygen consumption rates: 
The behaviour pattern of both the predicted and experimentally observed 
oxygen consumptions rates in the contact and stabilization reactors for 
the sine wave feed .pattern is very similar to that for the square wave 
feed pattern. 
The experimentally observed rates in the contact reactor remain essentially 
constant throughout the cycle, whereas the two models both predict a 
slight cyclicity. As with the square wave feed, the adsorption model pre-
dicts an oxygen consumption rate cycle (Figs. 4.30 and 4.32) which closely 
follows the sine wave feed pattern, whereas the bi-substrate model pre~ 
diets a less pronounced cyclicity, (Figs.4.31 and 4.33) having a peak 
about one quarter of a cycle out of phase with the sine wave feed pattern. 
The bi-substrate predictions are much closer to the observed values than 
the adsorption predictions. The slight cyclicity predicted by the bi-
substrate model would be very difficult to establish experimentally and 
the fact that it was not observed du,ring this test cannot be considered 
as evidence against the bi-substrate hypothesis. 
All the models overpredict the oxygen consumption rate in the stabilization 
reactor in exactly the same fashion as for the square wave feed pattern. 
The data in Table 4;15 shows that the full enmeshment versions of both the 
adsorption and bi-substrate models overpredict the average experimentally 
observed values by approximately 9% while the partial ennieshment versions 
of the models overpredict it by 5%. 
Table 4.15 Comparison of parameter values averaged over full cycle 
for the sine wave cyclic test 
Bi-substrate Adsorption Bi-substrate Adsorption 
Parameter ExperimentaJ twith full with full with partial with partial 
enmeshment enmeshment enmeshment enmeshment 
x 1422 1405 1445 1447 1472 vc 
x 1945 2015 2072 2078 2113 
VS 
x 1872 1929 1984 1990 2023 vp 
MX 4723 5042 5186 4763 4845 vw 
0tc 41 42,8 47 ,9 43,5 46,8 
0ts 27,5 29,8 30,0 28,8 28,7 
0 7 ,5 6,9 6,5 7,4 7,1 np 
0 21,9 24,8 26,0 23,5 24,2 cp 
otp 29,4 31,6 32,5 30,9 31,3 
8tc 74 65 50 65 50 
8ts 48 51 50 53 50 
MSte * 87 - - 98 88 
MSte 78 69 50 - -
Ntc 6,9 9,7 9,9 9 ,5 9,9 
Nts 2,6 2 ,o 2,0 2,0 2,0 
MN te 8,6 11,0 11,2 10,9 11,4 
N 16,o 14,4 13,8 15,6 15,0 nc 
N 21,4 19,6 18 ,5 21,1 
I 
20,2 ns 
MN 15 12,9 13 ,2 15,4 14,8 ne 
X X and X = the average sludge concentrations in the contact vc' vs vp 
reactor, stabilization reactor and overall 
process respectively (mg/i) 
MXvw = total mass of sludge wasted daily (mg/day) 
Otc' Ots = the average mass of oxygen utilized in the contact and 
stabilization reactors respectively (mg/i/hr) 
onp' ocp' otp = the average process oxygen utilization rates for 
nitrification, carbonaceous degradation and the 
total, respectively (mg/i/hr) 
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Ste' Sts = the average filtered COD concentrations in the contact 
and stabilization reactors respectively. 
MSte*' MSte =the respective average unfiltered and filtered masses 
of COD leaving the system per litre of effluent. 
= average filtered TKN concentration in the contact and 
stabilization reactors respectively (mg/i) . 
. MNte = the average unfiltered TKN mass leaving the system per 
litre of effluent. 
N N = nc' ns the average concentrations of nitrate in the contact 
and stabilization reactors respectively. 
MN = the average mass of nitrate leaving the system per litre ne 
of effluent. 
Nitrification: 
The sine wave data bears out the comments made earlier about the unpre-
dictability of the nitrification process. Consider only the partial 
enme.shment bi-substrate model. In the square wave test the TKN 
concentration in the contact reactor was closely predicted but the 
concentrations in the stabilization reactor underpredicted by 2 mg/i. 
The nitrate concentrations in both reactors were overpredicted by at 
least 20%. In this set of data the average value of the TKN con-
centration in the contact reactor is overpredicted by 38% (2,6 mg/i) 
and the concentration in the stabilization reactor is accurately 
predicted, (Table 4.15). The average nitrate concentrations in the 
two reactors are predicted within 2% of the experimental values. 
Furthermore, Fig. 4~33 shows that there is an excellent correlation 
between the cyclic behaviour of the experimental and theoretical nitrate 
concentrations. 
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It is evident from comparing square wave and sine wave responses that 
the nitrification kinetics are very sensitive to extr!;llleous influences 
which cannot be identified simply by examining the data. It must 
therefore be expected that random fluctuations of the TKN and nitrate 
concentrations will be exhibited between sets of data. 
The analysis of the sine wave data is not as complete as that of the 
square wave data as it was accepted that the partial enmeshment bi-
substrate model is the most reliable one. The predicted response 
of this model when applied to the sine wave data is not at variance 
with the acceptance of the partial enmeshment bi-substrate model and 
in fact confirms that the model is reliable. 
The reliability of the partial enmeshment bi-substrate model in pre-
dicting the response of the CSP is confirmed further by the time 
invariant investigation. 
4.5.2 Time invariant Flow and Load Conditions 
4.5.2.1 Unit run at 20°C and 6 day nominal sludge age 
For the full enmeshment version of the adsorption and bi-substrate 
models the actual sludge age was calculated to be 5,1 days. Both the 
adsorption and the bi-substrate models were run for a sludge age of 
5,1 days with full enmeshment and for a sludge age of 6 days with 
partial enmeshment of 40%. The predicted average results together 
with the experimental observations are shown in Table 4.16. 
COD concentrations: 
Of the four versions of the model the partial enmeshment bi-substrate 
model once again predicts the COD values in the contact reactor, 
stabilization reactor and the effluent most accurately and the short-
comings of the adsorption model in predicting the effluent quality of 
the CSP are once again demonstrated. 
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VSS concentrations: 
All four versions of the model overpredict the VSS concentrations, but 
the partial enmeshment version of both the adsorption and bi-substrate 
models overpredicts the values more than the full enmeshment version. 
This large discrepancy is surprising in the light of the previously 
analysed data. The problem appears to lie with the experimental data, 
because the average experimental process VSS concentrations (X ) for vp 
the square wave and sine wave given in Tables 4.14 and 4.15 compare 
well with one another but are both about 13% higher than the results 
observed for the steady feed tests. Theoretically these should be the 
same because the sludge age, process loadings and reactor volumes were 
identical for all three tests series. An explanation for this 
discrepancy may possibly be found in the' nature of the sewage itself. 
The sewage used in this series of tests was initially collected from 
the Strandfontein sewer at approximately midday, but because of the 
high TKN load in this sewage it was decided for the subsequent series 
of tests to collect the sewage later in the day when the TKN concentration 
was lower. The high TKN concentration may have been associated with 
an industrial waste which had a low inert COD fraction, which then 
would have resulted in the low VSS concentrations observed experimentally. 
A lower value of f , when applied in the model shows not only a drop up 
in the predicted VSS value, but it also narrows the gap between the 
Xvp values predicted by the full and partial enmeshment versions of the 
model. When f was reduced from 0,09 to 0,05 the MLVSS in the two up 
reactors was far more accurately predicted by all four versions of the 
model. In the partial enmeshment version of the model, the value of 
Xvp is more sensitive to the value of f because the effective sludge up 
age is 6 days for the partial enmeshment as opposed to 5,1 days for 
the full enmeshment version. 
Oxygen consumption rate: 
The oxygen consumption rate in the contact reactor is closely predicted 
by all the models with the partial enmeshment bi-substrate model being 
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Table 4.16 Average daily results ;for unit run under steady feed 
conditions at a nominal sludge age of 6 days .. and at 20°C 
Adsorption Bi-substrate Adsorption Bi-substrate 
Parameter Experimental with full with full with partial with partial 
enmeshment . enmeshment enmeshment enmeshment 
8
ti 512 512 512 512 512 
8ts 54 51 52 53 53 
8
tc 
62 51 65 53 65 
8te 90 51 65 80 81 
Nt. J. 56 56 56 56 56 
Nts 1,7 2,3 2,4 2,3 2,3 
Ntc 11 14,6 14,4 14,4 13 ,9 
Nte 15 14,6 14,4 14,4 13,9 
N ns 36 36 37 38 38 
N 27 27 28 29 29 nc 
x 1772 1949 1914 2115 2093 vs 
x 1301 1383 1358 1496 1480 vc 
x 1706 1866 1833 2025 2003 vp 
0ts 32 34,1 34,2 33,5 33,7 
0tc 
61 62,6 57,3 64,2 61,7 
0 tp 36 38,2 37,5 38,o 37 ,8 
0 23 25,1 24,2 24,3 23,8 cp 
0 np 13 13,1 13,3 13,7 14,o 
slightly better than the rest~ The oxygen consumption rate in the 
stabilization reactor is slightly overpredicted by all the models, 
with the partial enmeshment versions being marginally more accurate 
than the full enmeshment versions. However, all these values are so 
close to one another that it can be concluded that all four versions 
of the model satisfactorily predict the oxygen consumption rate for 
the CSP under steady feed conditions. 
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Nitrification: 
The nitrification process is relatively well described by all the 
models. They all overpredict the TKN concentrations in the contact 
reactor but the TKN concentration is relatively well predicted in the 
stabilization reactor. The nitrate concentrations in both the reactors 
are accurately predicted by the full enmeshment versions of both the 
adsorption and bi-substrate models, whereas the partial enmeshment 
versions overpredict the values by approximately 6%. 
4.5.2.2 Unit run at 20°C and 10 day nominal sludge age 
For the full enmeshment version of the adsorption and bi--substrate 
models the actual sludge age was calculated to be 9,7 days. Both the 
adsorption and the bi-substrate models were run on the computer for a 
sludge age of 9,7 days with full enmeshment, and for a sludge age of 
10 days with partial enmeshment of 40%. The theoretical and experi-
mental data are shown in Table 4.17. 
COD concentrations: 
The experimental COD concentrations in the contact and stabiliz'ation 
reactors and in the effluent are not accurately predicted by the model. 
In the stabilization reactor the filtered COD concentration is over-
predicted relative to the observed experimental values. This would 
indicate that the soluble unbiodegradable fraction of the Strandfontein 
sewage, fus' used during the investigation is not in fact all unbio-
degradable but contains a percentage of organic material which is very 
slowly biodegradable. The decrease in the Food/Micro-organism ratio 
brought about by the use of a longer sludge age, coupled with the 
longer retention time in the reactors as a result of the lower influent 
and recycle flows resulted in more of the very slowly biodegradable 
soluble fraction of the influent being assimilated in the process. 
Although the bi-substrate hypothesis also underpredicts the filtered 
COD concentration in the contact reactor, it accurately predicts the 
difference between the filtered COD concentrations in the contact and 
stabilization reactors. Thus the soluble biodegradable COD con-
centration in the contact reactor (i.e. Ste - Sts) is accurately 
predicted by the bi-substrate hypothesis. 
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Table 4.17 Average daily results for a unit run under steady feed 
conditions at a nominal sludge age of 10 days and at 20°C. 
Adsorption Bi-substrate Adsorption Bi-substrate 
Parameter Experimental with full with full with partial with partial 
enmeshment enmeshment enmeshment enmeshment 
sti 496 496 496 496 496 
sts 42 50 50 51 51 
Ste 52 50 61 51 61 
Ste 61 50 61 76 82 
Nti 47 47 47 47 47 
Nts 4,8 1,8 1,9 1,9 1,9 
Ntc 10,5 10,7 10,4 10,9 10,4 
Nte 12,0 10,7 10,4 10,9 10,4 
N 
ns 29 31 32 31 32 
N 22 24 
nc 25 25 25 
x 
vs 2073 
2046 2018 2024 2008 
x 1478 1425 1406 1411 1399 vc 
x 1990 1956 1929 1936 1920 vp 
0ts 21 22 22 21 21 
0tc 42 51 48 49 48 
otp 24 26 26 25 25 
0 17 18 cp 18 17 17 
0 7 8 np 8 8 8 
The partial enmeshment versions of the adsorption and bi-substrate 
models both overpredict the unfiltered COD concentrations in the 
effluent. This behaviour is to be expected due to the fact that, ~ith 
the longer hydraulic retention times in the contact reactor, the en-
meshment during a 10 day sludge age experiment should be more efficient 
than during the shorter sludge age tests. The increase in the enmesh-
ment efficiency as the sludge age is increased should be taken into 
account in the design of a CSP plant. The enmeshment fraction is not 
constant, but increases with the sludge age although the relationship 
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for the efficiency with respect to sludge age is not yet qualified. 
The nature of the CSP configuration therefore results in the effluent 
quality of the process being more sensitive to sludge age than a 
CMAS process. 
VSS concentrations: 
All four versions of the model predict the VSS concentrations in the 
eontact and stabilization reactors to be within 3% of the experimentally 
observed values. This parameter again, therefore, is of no use in 
assessing the relative merits of the various versions of the model. 
Oxygen consumption rates: 
All four versions of the model overpredict the oxygen consumption rate 
in the contact reactor (Table 4.17). This is possibly due to the 
lower nitrification rate in the process illustrated by-the experimental 
nitrifucation data. The experimental values of the oxygen consumption 
rate in the stabilization.reactor are excellently predicted by all 
four versions .of the model, with the partial enmeshment version of the 
adsorption_ and bi-substrate kodel being marginally better than the full 
enme~hment versions (Table 4.17). There is, however, very little to 
choose between the capability of the fol.ir versions of the model in 
predicting the oxygen consumption rate for the CSP at 10 days sludge 
age and 20°C. '· 
Nitrification: 
The sewage influent in this series of tests appears to have had a 
greater concentration of very slowly biodegradable TKN than that in 
the 6 day sludge age series. The residual TKN concentration measured 
in the stabilization reactor is 4,8 (Table 4.17) which is more than· 
double that predicted by all four versions of the model, and very much 
higher than that observed during the six day sludge age series. This 
is contrary to e·xpectations as the nitrification Food/Micro-organism 
ratio is lower than at 6 days sludge age and the hydraulic retention. 
times in the reactors are longer. 
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Discussion: 
The experimental data shown in Tables 4.18 and 4.19 cannot be meaning-
fully compared to the theoretically predicted values because, as estab-
lished in Section 4.4.1.3, it does not constitute a mass balance. A 
mass balance is a fundamental prerequisite for establishing the authen-
ticity of a set of experimental data, and if this prerequisite is not 
satisfied the data must be discarded. However, because this has been 
a recurring problem in experimental investigations into the activated 
sludge process at low temperatures it may be useful to analyse the data 
with a view to explaining why hitherto it has been impossible to achieve 
a mass balance for units run at low temperature. 
Table 4.18 
Average daily results for a unit run under steady feed conditions at 
a nominal sludge age of 6 days and at 12°C with nitrification 
Adsorption Bi-substrate Adsorption Bi-substrate 
Parameter Experimental with full with full with partial with partial 
enmeshment enmeshment enmeshment enmeshment 
sti 510 510 510 510 510 
s . 
ts 49 51 55 51 56 
Ste 55 51 79 51 79 
Ste 69 51 79 113 128 
Nti 50 50 50 50 50 
Nts 6 2,5 2,7 2,8 2,9 
N . tc 13,5 15,4 . 15 ,5 15,7 15,7 
Nte 14,9 15,4 15,5 15,7 15,7 
N 29 29 30 31 32 ns 
N 22 20 21 22 22 
nc 
x 2206 2212 2149 2129 2123 
VS 
x 1531 1580 1521 1526 1476 vc 
x 
vp 
2112 2123 2061 2045 2032 
0ts 25 34 33 31 31 
0tc 33 32 28 30 26 
otp 26 34 32 31 30 
0 10,5 9,7 10,0 10,4 10,6 np 
0 15,5 23,8 22,2 20,7 19,7 cp 
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There are four factors which could explain the inability to achieve a 
mass balance fo+ data obtained· at low temperatures, and these are dis-
cussed below under the following headings: (1) The effluent COD con-
centration, (2) The oxygen consumption rates, (3) the COD/VSS ratio, P, 
(4) The VSS concentration. 
Table 4.19 
Average daily results for a unit run under steady feed conditions at 
a nominal sludge age of 6 days at 12°C without nitrification 
Adsorption Bi-substrate Adsorption Bi-substrate 
Parameter Experimental with full with full with partial with partial 
enmeshment enmeshment enmeshment enmeshment 
sti 503 503 503 503 503 
sts 64 50 54 50 55 
Ste 69 50 77 50 78 
Ste 75 50 77 111 125 
Nti 54 54 54 54 54 
Nts 41 36 37 38 39 
Ntc 41 40 41 42 42 
Nte 43 40 41 42 42 
N 0 0 ns 0 0 0 
N 0 0 nc 0 0 0 
. 
2124 2242 x 2179 2107 2059 vs 
x 1545 1598 1540 1516 1460 vc 
x 2043 2152 2090 2024 1975 vp 
0ts 13,6 24 23 21 20 
0tc 24,4 22 18 19 16 
otp 15 24 22 20 19 
(1) The effluent COD concentration: 
The imbalance observed in the COD results at low temperatures could be 
due to the fact that the mass of COD leaving the system in the effluent 
is very much higher than that measured. In order to achieve 100% COD 
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mass recovery for the set of data shown in Table 4.18, the COD concen-
tration in the effluent would have to be 141 mg COD/i. The measured 
COD concentration in the effluent is 69 mg COD/i. At the same time the 
12°C tests were being carried out another identical unit was being run 
at 20°c, and the data from the 20°C unit produced excellent COD mass 
balances. The COD concentration testing for both units was done at 
the same time in a random fashion, using the same chemicals and with 
the samples all on the same distillation tray. It would seem impossible 
that an error of the magnitude required to give a balance could be made 
consistently for the 12°C effluent samples when at the same time to 20°C 
samples were being tested correctly. Hence it can be stated with a 
certain amount of confidence that the problem does not lie with the 
measurement of the COD concentration in the effluent. 
(2) The oxygen consumption rates: 
Initially it was thought that the problem lay with the·measurement of 
the oxygen consumption rates. This supposition was supported by the 
fact that the theoretical model reasonably accurately predicted the 
experimentally observed values of all the parameters except the oxygen 
consumption rate in the contact and stabilization reactors (Tables 
4.18 and 4.19), However, when the measured process oxygen consumption 
rate was divided up into its carbonaceous and nitrification constituents, 
as follows, it was found to be accurate: 
Th~ experimental process nitrification oxygen consumption rate _is cal-
culated from the mass of nitrates leaving the system in the effluent 
and is found to be 10,5 mg o2/i/hr. Thus the process carbonaceous 
oxygen consumption rate is found to be 15,5 mg o2/i/hr. Now when the 
unit was run without nitrification the carbonaceous oxygen consumption 
rate was measured as 15,0 mg o2/i/hr, which is essentially the same as 
that calculated from the experimental data for the unit run with 
nitrification. Therefore the nitrification oxygen consumption rate 
was measured accurately when the unit was being run with nitrification, 
and thus it seems reasonable to assume that all the oxygen consumptions 
rates were also measured accurately. 
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If it is accepted that the oxygen consumption rates were correctly 
measured during the cold temperature tests, then it is evident from 
Tables 4.18 and 4.19 that all versions of the model substantially over-
predict the carbonaceous oxygen demand, and thus the biological activity 
in the process. It would appear that the Arrhenius constants for the 
temperature dependency of the carbonaceous kinetic constants proposed 
by Ekama and Marais (1978) and adopted in this investigation in Eqs. 
(3.23, 3.32, 3.33, 3,37) are too low, and that the carbonaceous bio-
logical activity is retarded to a greater extent by low temperatures 
than previously realised. Hence at low temperatures the activated 
sludge process behaves to a large extent as a bio-flocculation process 
with a high proportion of the influent COD leaving the system with the 
wasted sludge in an unassimilated form. Therefore, to achieve a COD 
mass balance either the COD/VSS ratio of the wasted sludge is higher 
at 12°C than at 20°C, or the VSS concentration in the waste flow is 
measured incorrectly at 12°G. 
(3) The COD/VSS ration, P: 
If it is assumed that the measured effluent COD concentration, oxygen 
consumption rates and VSS concentrations are correct, then to achieve 
a mass balance the COD/VSS ratio, P, must be equal to approximately 2. 
This value is higher than any found in the literature, and no reference 
could be found indicating that P is temperature dependent. The fact 
that the sludge contains a large proportion of unassimilated COD was 
thought to be unlikely to affect the value of P because Ekama and 
Marais (1978) found that the sludge obtained from centrifuging raw 
sewage had a P value very similar to that for activated sludge. Thus 
it seems that the value of P is unlikely to change sufficiently with 
temperature to allow for a mass bal-ance to be achieved. However, the 
possibility cannot be definitely ruled out without further intensive 
investigation into the problem. 
(4) The VSS conce~trations: 
Assuming that all the other parameters are measured correctly, and that 
P = 1,48 at 12°C, in order to achieve a mass balance the VSS concen-
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tratio~ in the sludge waste flow from the contact reactor would have 
tobe 2124VSS/£, which constitutes an increase of 39%. The equivalent 
VSS concentration in the stabilization reactor would have to be 3060. 
As for the other parameters already considered, it seems unlikely that 
a mistake of this magnitude could have been made in measuring the VSS 
concentrations in the 12°C unit when the VSS concentrations in the 
20°c unit were being correctly measured at the same time. The only 
alternative is that the fault lies in the nature of the VSS itself: 
If the biological activity at 12°C is as low as is indicated by the 
measured oxygen consumption rates, then the sludge will contain a very 
high fraction of unassimilated COD, and the VSS concentration will build 
up to the level required to produce a mass balance i.e. 2124 mg vss/i. 
However, it may just be possible that while the VSS sample is being 
dried in an oven at 105°C, approximately 25% of the volatile mass may 
be driven off and only approximately 1500 mg VSS/£ remains in the 
sample. When the test is performed on the sludge from the 20°C unit 
the sludge is more stable and contains a much smaller fraction of the 
more volatile unassimilated COD, thus producing a more accurate result. 
One argument against this hypothesis is that even at 20°C one would 
tend not to achieve balances at ~ very short sludge ages and at 
very long sludge ages. 
The possible inaccuracy in the VSS test would also cast doubt on the 
finding of Ekama and Marais that the P value for raw sewage sludge is 
approximately the same as for activated sludge because this finding 
involved performing the VSS test on raw unassimilated COD. However, 
it is possible that the P value for sludges containing high fractions 
of unassimilated COD may be higher than for sludges containing low 
fractions of unassimilated COD. Although the matter certainly requires 
a thorough investigation, a preliminary conclusion may be made that 
the difficulty in achieving a mass balance for an activated sludge 
plant run at low temperatures may be due to a combination of two 
factors: (1) the value of P increases with the fraction of unassimi-
lated COD in the sludge, and (2) the standard VSS test becomes 
inaccurate when a high fraction of unassimilated COD is present in the 
sludge. This conclusion is extremely tentative and serves more as an 
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hypothesis to be discarded, accepted or modified in the light of an 
experimental investigation oriented towards testing the hypothesis. 
The analysis of the experimental data does, however establish that all 
four versions of the model accurately predict the experimentally observed 
nitrification response of the CSP at 12°C (Table 4.18). Thus the 
Arrhenius constants adopted for the temperature dependency of the 
nitrification kinetic constants can be considered to be accurate. 
4.5.3 The Model Kinetic Constants 
The kinetic constants used in this theoretical analysis of the CSP are 
all given in Table 4.13. It was found that good correspondence was 
obtained between the adsorption model and the experimental data without 
changing the values of any of the constants proposed by Ekama and Marais 
(1978). Thus the model can be considered general enough to cover the 
CSP within the limitations discussed § 4.5.2. 
With regard to the bi-substrate model, initially it was calibrated by 
compairing the predictions of the general model with the 24 hour square 
wave feed data for the CMAS units at 2,5 and 20 day sludge ages published 
by Ekama and Marais (1978). This calibration procedure gave the same 
values for the kinetic constants given in Table 4.13 with the exception 
of the maximum specific growth rate constant for the soluble substrate, 
K This constant, i.e. K was initially given the value of 8. How-ms ms 
ever when this value was used in predicting the response of the CSP 
to cyclic loading conditions, the oxygen consumption rate in the contact 
reactor displayed a very marked cyclicity which was not observed 
experimentally. Using the CSP data to recalibrate the bi-substrate 
model, a value of Kms = 3 was found to give the best results. This 
value was subsequently checked by applying it in the general model 
and compairing the predictions obtained with the experimentally observed 
data of Ekama and Marais. Figures 4.34 and 4.35 show that the corres-
pondence between the CMAS square wave observations and the values 
theoretically predicted by the recalibrated bi-substrate model is very 
good indeed. It would appear that the CMAS process is not as sensitive 
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4,95 
in the predicted CMAS response. Thus it can be concluded that the CSP 
value for K constitute an improved evaluation and should be applied sm 
in the general model. 
During the course of the investigation the additional constant, fssb , 
was introduced to define the fraction of the unadsorped particulate 
COD which remains unenmeshed in the contact reactor. It was found 
that f b varied with sludge age and the length of retention time in 
SS 
the contact reactor. However, the best overall fit was achieved for 
a value of f b = 0,6 It must be noted that this constant only has 
SS 
relevance to the CSP. In a CMAS or ordinary series reactor process 
the total retention time prior to solid/liquid separation in the settli~g 
tank is so long that most of the particulate COD has either been 
adsorped or enmeshed and very little escapes in the effluent. There-
fore the constant f b has not been introduced into the general Ekama 
SS 
and Marais model, and does not affect the predictions in Figs. ('4.34 
and 4,35). 
4.6 CONCLUSIONS 
The experimental investigation described in this chapter and the analysis 
of the data generated lead to the following conclusions: 
1. Under cyclic loading the bi-substrate hypothesis is superior to 
the adsorption hypothesis in predicting the COD behaviour in the reactors 
and effluent, and in predicting the oxygen consumption rate in the con .... 
tact reactor. Consequently, the bi-substrate hypothesis appears to 
be preferable to the adsorption hypothesis. 
2. In the bi-substrate model the partial enmeshment version provides 
a more satisfactory explanation of the difference between the filtered 
and unfiltered COD concentrations in the effluent than the full enmesh-
ment version. The observed process carbonaceous oxygen constiroption 
rate is also more accurately predicted by the partial enmeshment version 
than by the full enmeshment version. 
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3. Prediction of the nitrification response of the CSP is subject 
to the same difficulties as experienced with the CMAS process in that 
the nitrification rate is very sensitive to the quality of the influent 
sewage. Thus the response of the experimental CSP unit varied con-
siderably and it was only possible to develop mean constants for the 
model to give a best overall prediction of a whole series of experimental 
tests. 
4. At 12°C the bi-substrate partial enmeshment model tends to over-
predict the observed carbonaceous oxygen consumption rate of the CSP. 
The causes for this overprediction could not be established conclusively 
as it was not possible to obtain an experimental COD balance at 12°C. 
It was concluded that there appears to be an inherent error in one of 
the experimental tests as performed at present which only manifests 
itself at low temperatures. However it would appear that the Arhenius 
constants used to define the temperature dependency of the carbonaceous 
biodegradation are too low. This aspect should be the subject of an 
intensive investigation. 
In general it is concluded that the response of the CSP to cyclic and 
time invariant feed conditions at 20°C is best described by the bi-
substrate partial enmeshment model. 
5.1 
C H A P T E R F I V E 
DESIGN OF THE CONTACT STABILIZATION PROCESS 
Application of the theory of the CSP is best illustrated by considering 
a design example. 
It must be realized that in South Africa the CSP is not likely to be 
accepted as a feasible process for final treatment of wastewater before 
discharge into natural waterways, because the effluent from this process 
usually has unacceptably high concentrations of biodegradable COD and 
TKN. However because of the small aeration volume required by the 
process relative to other processes, it could find application as a 
method for reducing the total COD load before discharging to a municipal 
sewer. In order to illustrate this approach, consider the following 
hypothetical example: 
A small burrough adjoining a large city discharges its effluent into a 
sewer outfall which leads to one of the smaller purification plants 
serving the city. Subsequent to the construction of this main 
purification plant a starch manufacturing industry has grown up in the 
burrough resulting in a large increase in the COD load contributed by 
the flow from the burrough. No provision was made for this increase 
in the design of the main plant. The plant has become overloaded and 
the city authorities are insisting that the COD load in the effluent 
from the burrough must be reduced prior to its discharge into the sewer 
outfall. Furthermore it is required that the treatment adopted include 
nitrification so as to maintain a reasonab]y low TKN/COD ratio in the 
influent to the main plant. 
The COD in the effluent from the starch factory is predominantly of a 
particulate nature and because there is very little suitable land avail-
able on which to establish the treatment works, it is decided to install 
5.2 
a contact stabilization plant. 
It is considered that with a judicious choice of sludge age the 
required reduction of COD load can be obtained even if the wasted 
sludge is discharged into the sewer with the treated effluent. The 
discharge of the sludge into the sewer will have three advantages: 
(1) It removes the necessity for expensive on site sludge treatmertt; 
(2) It will enhance dentrification in the sewer when the nitrate in the 
nitrified effluent is mixed with the sludge and the raw sewage in the 
sewer outfall; (3) It will improve the settling characteristics of the 
sewage in the primary settling tanks at the main works. 
A series of 24 hour tests are carried out on the sewage to establish 
the load and flow pattern. A representative set of data.is given in 
Table 5 .1. Note that the COD load, MCOD, is just about 1000 kg COD/d. 
The permitted load is 500 kg COD/d, hence the load must be halved, at 
least, by the CSP designed. 
Desi5n Procedure 
The sewage to be treated is analysed and its characteristics given 
below 
Characteristics of the sewage 
Symbol Value Units 
fbs 0,15 mg'COD/mg COD 
f 0,06 mg COD/mg COD us 
f 0,08 mg VSS/mg COD up 
f 0,02 mg N/mg N 
un 
f 0,75 mg N/mg N na 
A sludge age of 6 days is chosen as this should be long enbugh to ensure 
at least the halving of the energy load. Furthermore it should be long 
enough to ensure nitrification all year round. A sludge recycle rate 
Table 5.1 Daily cyclic flow and load characteristics 
of the sewage generated 
Time Flow COD TKN 
M(COD) M(TKN) 
KQ.,/day mg/9., mgN/9., kg/d kgN/d 
I 
0400 412 943 73,9 389 30 
0500 372 729 67,6 282 25 
0600 353 600 57,1 212 20 
0700 334 544 51,2 182 17 
0800 326 446 45,1 145 15 
0900 392 643 49,2 252 19 
1000 602 1337 113,6 805 68 
1100 728 1766 122,4 1285 89 
1200 822 2001 125,8 1645 103 
1300 855 2173 123,6 1858 106 
1400 873 2250 113,1 1964 99 
1500 849 2241 112,7 1903 96 
1600 817 2229 112 ,4 1821 92 
1700 751 2177 108,8 1635 82 
1800 703 2040 106,1 1434 75 
1900 678 1954 98,6 1325 67 
2000 667 1869 91,4 1246 61 
2100 628 1749 88,9 1098 56 
2200 585 1629 85,9 - 953 50 
2300 556 1543 85,0 858 47 
2400 546 1466 84,6 800 46 
0100 529 1354 82 '5 716 44 
0200 494 1239 80,5 612 40 
0300 445 1101 77 ,8 490 35 
0400 412 943 73,9 389 30 





of 2 is chosen for the plant as this will ensure a relatively high 
nitrification efficiency and will also result in a short sludge 
retention time in the settling tank which will minimise the risk of 
denitrification in the tank during the hot summer months. 
With the very high particulate COD load in the influent, it is decided 
to use an a value of 0,2 This will result in a slightly larger 
plant (about 5%) than if a = 0,1 was chosen, but it is considered 
that COD lost in the effluent due to partial enmeshment will be re-
duced by the higher X /S. vc lp ratio in the contact reactor. 
The steady state Eqs. (3.50 to 3.52) are now utilized to estimate the 
mass of sludge produced in the process,M(X ). vp 
The total mass of biodegradable COD in the influent, MSbi is given 
by 
M(Sti)(l - fus - fup P) 
996 (1 - 0,06 - 0,08.1,48) kg/d 
= 818 kg/d 
Assume for the purpose of this estimate that all the biodegradable 
COD is oxidised in the process: 
from Eq. (3.50) 
M(X ) 
yh (MSbi) Rs 
= ap 1 + bh. R ' s 
0243 . 818 6 = 1 + 0,24 6 
= 865 kg VASS 
from Eq. (3.51) 
M(X ) = f bh . M(X ) . R ep ap s 
= 0,2 . 0 ~24 . 865 6 
= 249 kg vss 
5.5 
from Eq. ( 3 . 5 2 ) 
M(X. ) = R • M(S . ) lp s pi 
6 . 0.08 . 996 
= 478 kg vss 
Therefore 
M(X ) = 865 + 249 + 478 
VJl 
= 1592 kg vss 
To achieve good settling at this relatively short sludge age the volatile 
sludge concentration in the contact reactor should not exceed approx~ 
imately 2600 mg/~ under the peak flow conditions. 
As a first approximation, assume the sludge wastage flow w = 0 
and try 
From Eq. (3.12) 
X = 2400 mg/~ vc 
X = X (1 + r - w)/(a + r - aw) vp vc 
v 
p 
= 2400 (1 + 2 - 0)/(0,2 + 2 - 0) 
= 3273 mg/~ 
= 1592 x 10 6 
3273 
= 48 6 400 
Now w = (1 + r)[l + QR (a+ r)/V J-(3.17) s p 
= (1 + 2)/(1 + 596 500.6(0,2 + 2)/486 400] 
= 0,175 
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The reactor volumes can now be calculated 
v = V . a (1 + r - w)/(a + r - aw) (3.10) c p 
= 486 400.0,2 (1 + 2 - 0,175)/(0,2 + 2 - 0,2.0,175) 
= 126 900 .Q, 
v = v . r (1 a)/(a + r - aw) (3.9) s p 
= 486 400 2 (1 - 0,2)/(0,2 + 2 - 0,2.0,175) 
= 359 500 .Q, 
Checking the approximate sludge concentrations in the reactors 
X = X (a + r - aw)/(l + r - w) vc vp (3.12) 
= 3273 (0,2 + 2 - 0,2.0,175)/(l + 2 - 0,175) 
= 2508 
x = x (a + r - aw)/r (3.13) vs vp 
= 3273 (0,2 + 2 - 0,2.0,175)/2 
= 3543 
These are satisfactory. 
The actual hydraulic retention time in the contact reactor is given by 
v 
c 
rhc = Q(l+r) x 24 
= 126 900 . 24 596 500 . 3 
= 1,7 hrs 
This is a relatively long contact time (approximately twice the reten-
tion time obtained if a= 0,1 is used) but in view of· the high con-
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centration of particulate COD this is considered desirable to improve 
the enmeshment of the unadsorped particulate COD by the sludge. The 
choice of the fraction of unadsorped particulate COD which becomes 
enmeshed in the contact reactor is one parameter which has not been 
quantified during this investigation. It has been shown that the 
fraction is effected by contact time and the X /S. 
VC lp 
ratio (see 
§ 4.5.2.2). However, exactly how this parameter will behave under 
full scale conditions is impossible to predict without a pilot plant 
investigation. In this example the plant has been specifically 
designed to achieve a high enmeshment efficiency in the contact reactor, 
and so it is assumed that 40% of the unadsorbed particulate COD remains 
unenmeshed in the sludge flow during the contact period, i.e. f b=0,4 . 
SS 
The wasted sludge will be pumped continuously from the contact reactor 
by a positive displacement pump and will be mixed with the process 
effluent prior to discharge into the sewer outfall. 
Step 1 of the design procedure set out in § 3.5.1 has now been com-. 
pleted. Suitable values o.f V and V have been selected and these, c s 
together with the hourly flow, COD and TKN concentrations can be fed 
into the computer to obtain the predicted cyclic response of the plant. 
Figure 5.1 shows the predicted response of the CSP plant to this 
cyclic loading pattern given in Table 5.1; the most important para-
meter responses are listed in Table 5.2 . 
To establish the total daily equivalent COD load introduced into the 
main sewer outfall from the CSP, the total mass of sludge wasted, 
M(XYW) must be calculated. Because the sludge is wasted continuously 
over 24 hrs it can be assumed that the average concentration of the 
wasted sludge is equal to the average concentration in the contact 
reactor. 
M(X ) = 
YW w • Q X (ave) VC 
= 0,175 . 596 . 10 3 • 2674 . 10- 6 





































































































































































































































































































































































































































































































































































































l . co 
Table 5.2 The-predicted response of the main-parameters to the 
influent cycle in Table 5.1 
Flow x x 8te M(Ste) 0tc 0ts N VC vs 
5.9 
ne 
Time K£/d mg/£ mg/£ mg/£ Kg/d mg/£/hr mg/£/hr mg/,Q, 
o4oo 412 2757 3603 100 41 64 36 36 
0500 372 2763 3563 95 35 58 34 37 
0600 353 2763 3521 92 32 52 33 38 
0700 334 2758 3479 89 30 48 32 39 
0800 326 2750 3439 87 28 44 31 40 
0900 392 2715 3408 87 - 34 45 30 40 
1000 602 2631 3413 95 57 61 32 40 
1100 728 2550 3450 109 79 76 39 39 
1200 822 2505 3498 126 104 82 46 37 
1300 855 2496 3551 140 120 86 52 35 
1400 873 2512 3602 151 132 88 56 35 
1500 849 2542 3649 155 132 88 57 35 
1600 817 2579 3687 154 126 89 57 34 
1700 751 2624 3713 150 113 89 57 34 
1800 703 2665 3727 142 100 88 56 34 
1900 678 2692 3734 137 93 87 54 34 
2000 667 2706 3740 133 89 86 51 34 
2100 628 2718 3740 128 80 85 49 34 
2200 585 2731 3732 122 71 83 46 34 
2300 556 2742 3718 118 66 81 44 34 
2400 546 2746' 3702 115 63 79 42 34 
0100 529 2744 3687 111 59 76 40 34 
0200 494 2743 3666 108 53 73 39 34 
0300 445 2750 3638 104 46 69 37 35 
/ 
0400 412 2758 3606 100 41 64 36 36 































The· total mass of COD leaving the CSP in the effluent, M(Ste)' can be 
obtained from Table 5.3 . Therefore, the total equivalent mass of 
COD entering the main outfall after treatment is given by 
Eq. COD mass = 279 x 1,48 + 74 
= 487 kg COD/d 
The equivalent COD mass leaving the plant (i.e. 487 kg/d) is less than 
the maximum allowed into the sewer, hence the design complies with 
the requirement that the influent COD load be reduced by at least half. 
From.Table 5.2 the maximum sludge concentration in the contact reactor 
is 2763 mg/9., . This is higher than the concentration initially 
stipulated for good settling, but as this concentration occurs during 
the low flow period of the cycle (when the settling tank in effect is 
overdesigned) no settling problems should arise. 
It will be seen from Figure 5.1 that the oxygen consumption rate 
response in the contact reactor displays a relatively severe cyclicity 
compared to that reported for the experimental units. The reason 
for this is that with a value of a = 2 the retention time in the 
contact reactor is relatively long, consequently the cyclicity of the 
flow has a correspondingly smaller effect on the sludge concentration 
in the contact reactor. Less active sludge mass is "washed out" of 
the reactor, hence the oxygen consumption rate shows a more marked 
response to the cyclic loading of the plant. As the aeration capacity 
in the contact reactor has to be-designed to cater for the peak load 
oxygen consumption rate, this is .an undesirable feature of the design. 
However this effect has to be weighted up against the specific advantage 
deliberately built into the design. The reason the retention time 
in the contact reactor was lengthened was to improve the enmeshment 
efficiency of the unadsorped particulate COD by the sludge flow. 
The extent to which this objective has been achieved can be calculated 
by subtracting the soluble unbiodegradable COD fraction M(S ) from ue 
M( Ste) (with a contact time of 1, 7 hr's the concentration of soluble 
biodegradable COD in the effluent is negligible). 
5.1i 
M(S ) = ue M( St.) • f ]. us 
= 996 . 0,06 
= 60 kg/day 
Thus the mass of particulate COD leaving the system in the effluent 
is given by 
M(S ) = pe M(St ) - M(S ) e ue 
= 74 - 60 
= 14 kg/day 
General Remarks 
In order that the model can be utilized to its full potential as a 
design tool to optimise the design of the CSP, a more accurate des-
cription of the behaviour of f b relative to retention time in the 
SS 
contact reactor must be established by means of pilot plant studies. 
Once this is determined the model can be used to adjust a until 
an optimum balance is achieved between the degree of cyclicity of the 
oxygen consumption rate in the contact reactor and the mass of 
particulate COD leaving the system in the effluent. 
As in the design of all activated sludge plants, at this stage of 
our knowledge, a factor of safety should be introduced because no 
design method yet devised can be considered completely s~tisfactory. 
For instance in the example considered above it would be advisable 
to increase the volume of the plant slightly over that calculated 
in the event that the energy reduction achieved is not as high as 
predicted, the sludge age then could be increased without increasing 
the sludge concentration in the contact reactor to levels u~acceptably 
high for efficient settling. 
The fact that the cyclic oxygen consumption rate can be evaluated 
consti tut·es a significant improvement over the design by means of 
the imperial models discussed in Chapter Two. 
6.1 
C H A P T E R S I X 
CONCLUSIONS 
The original objective of this thesis was to check experimentally 
the two hypotheseq oh activated sludge kinetics advanced by Ekama 
and Marais (1978) i.e. the adsorption and bi-substrate hypothesis 
respectively. The contact stabilization process (CSP) was selected 
as the one presenting a most severe test of the predictive power of 
any hypothesis on activated sludge kinetics, and the most likely 
therefore to establish the superiority of the one hypothesis over 
the other. 
From a comparison of the experimentally observed and theoretically 
predicted data it was concluded that an additional factor had to be 
taken into account before a valid comparison could be made 
whereas the general activated sludge theory accepted a rapid and 
complete enmeshment of influent particulate COD, in the contact reactor 
the experimental data indicated incomplete enmeshment in the short 
contact time available. When allowance was made for partial enmesh-
ment in the predicted response of the system it was concluded that 
the bi-substrate hypothesis was superior to the adsorption one. 
Theoretical analyses of plant behaviour indicated that the nitrifi-
cation response is particularly sensitive to slight changes in the 
nitrification rate constants. This was borne out by the experimental 
results where it was found that virtually every sewage batch showed 
different nitrification response characteristics. It was concluded 
that consistentcy in nitrification response would only be obtained 
if artificial substrates were utilised. 
The kinetic constants defining the bi-substrate hypothesis initially 
were taken to be the same as those determined from the experimental 
data of Ekama and Marais. Under the extreme conditions in the CSP 
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it was found that.only one of these constants, the maximum specific 
growth rate utilizing solube substrate, K , had to be modified in ms 
order to obtain good correspondence between the experimental data 
and theoretical predictions. The use of this modified constant 
in the general activated sludge theory had inconsequential effects on 
the predictions, and can therefore be taken to constitute an improved 
evaluation as it allows for the general theory to be extended over 
a greater range of processes. 
The model appears to be sufficiently reliable to be used as a tool 
for analysing a design under any proposed cyclic conditions. 
Due to the partial enmeshment in the contact reactor there is a 
relatively high COD concentration in the effluent. As nitrification 
is also partial in the contact reactor, the TKN concentration in the 
effluent tends to be high. These two behaviour characteristics 
make the process unsuitable for application as a final treatment 
method in South Africa. It may however find application as an 
intermediate treatment facility to reduce high COD concentrations 
before discharge to a sewer system. 
R.l 
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A.l 
A P P E N D I X A 
TABULATION OF .EXPERIMENTAL DATA 
1. Note 
( 1) All COD concentrations are given in mg COD/£ 
( 2) All vss concentrations are given in mg VSS/£ 
( 3) All TKN and Nitrate concentrations are given in mg N/£ 
( 4) All oxygen consumption rates are given in mg 0/£/hr 
( 5) All pumping rates are given in £/d 
2. Index of Tables 
Table Figure Reference Appendix 
Number Number in Page 
A.l 4.4 to 4.7 4.4.1.1 A.2 
A.2 4.8 to 4.11 4.4.1.2 A.3 
A.3 4.12 to 4.15 4.4.1.3 A.4 
A.4 4.16 to 4.19 4.4.1.3 A.5 
A.5 4.20 4.4.2.1 A.6 
A.6 4.21 4.4.2.2 A.7 
A.7 - 4.4.2.2 A.8 
'I 
TABLE A.1 DAILY F.Xl'r:RJMENTAL REG\IL'J'S 
FOR I\ 6 dnys 
T 20°c 
COD vss 0[) ·:xr1 
DATE --
IN EF1" STAB CONT STA& corlT CONT S'l'J\fl IN F.FF fTAB c 
l= N ITR1w::~; I 
OilT -I ;;--;;:;---;le~ 
5.5 1182 48 32 4 55 1644 2488 57 33 711 15 2,9 
6.5 552 95 40 51 1743 1238 59 38 68 21 3.7 
7.5 526 137 44 71 1716 1276 55 35 69 20 2,8 
19 39 5 3 41 I 
15 39 56 1 7 
17 41 52 42 
8.5 5311 09 59 5·r 1541 1046 60 31 75 20 0,0 12 34 42 31 
9.5 482 120 1650 lt.43 58 29 75 18 4,6 17 29 3'i 28 
10.5 510 91 53 67 1817 1421 56 30 62 19 4,4 lli 26 37 27 
11. 5 1186 71 19 55 1864 1312 66 39 811 18 1,7 9 27 55 11] 
12.5 550 72 56 68 1872 1378 62 36 73 25 0,0 17 31, 5la 40 
13.5 527 91 44 52 2064 1513 66 34 79 16 0,0 10 43 23 37 
14.5 1155 81 48 52 1787 1212 63 31 76 15 o,o 12 35 45 211 
15.5 507 81 64 64 1825 1322 59 24 41 9 0,0 8 29 30 18 
16.5 483 93 56 72 1799 1121 58 211 i.o 10 3,0 9 20 20 19 
17 .5 515 89 60 72 1871 1379 68 35 42 12 0,0 8 21 23 18 
18.5 !199 111 63 47 1867 1377 611 30 110 12 1,8 1 17 2l~ 18 
19.5 547 117 36 68 1854 1292 53 28 43 10 0,0 10 17 26 19 
20.5 533 ,59 50 58 1906 1336 60 32 ·38 7 1,11 11 17 27 22 
21. 5 l162 lOS 68 100 1719 1192 65 3) li5 10 3,0 8 20 29 2h 
22.5 502 88 24 48 1625 lll14 57 29 1;6 8 1,8 8 21 2'( 21 
23.5 530 128 64 48 1762 1276 57 29 47 11 2,5 10 20 25 20 
24.5 530 104 so 48 1826 1380 67 35 45 12 o,o 1 _o 18 23 22 
25.5 1182 86 45 45 1706 ll86 57 33 4o 16 o,o l 0 19 28 21 
26.5 518 80 67 74 1625 1148 60 33 43 21 2,8 11 20 30 211 
21. 5 1;93 11 58 67 1674 1438 65 35 41 12 2,1.'1 10 22 3t1 27 
·-----
Me nil 512 90 54 62 1772 1301 61 32 56 15 1,7 1 26 2'{ 
Process pnrnmeters nre given in Tnbl cs 4. l nnd 11. 2 
Data is plotted in Figs. 4.4 to 4.7 inclusi,·c 
DATE 
IN EFF 
23.5 430 67 
24.) 550 57 
25.5 I 480 57 
26.5 499 62 
27.5 520 
28.5 556 73 
29.5 515 64 
30.5 504 
31. 5 451 73 
7,6 551 53 
2.6 464 
3.6 492 64 
4.6 478 62 
5,6 531 67 
6.6 509 44 
7,6 488 76 
8.6 437 68 
9,6 520 60 
10.6 460 60 
11.6 522 44 
12.6 496 64 
13.6 490 54 
111.6 530 49 
15.6 469 54 
16.6 456 59 
Mean 496 61 
-
TABLE A.2 DAILY EXPERIIIBNTAL RESULTS 
FOR 
COD VSS 
STAB CONT STAB CONT 
45 58 1996 1356 
51 70 2282 
47 70 2264 1719 
49 62 2313 1631 
2137 1584 
55 55 2192 1614 
58 55 2099 1488 
1951 1309 
46 55 2085 1478 
35 50 2111 1614 
36 49 2200 1561 
33 48 2150 1593 
40 2007 1401 
35 45 2154 1536 
32 2190 1583 
45 51 2105 1549 
46 56 1963 1559 
45 41 2106 1559 
42 41 19114 1454 
42 48 1889 1312 
32 29 1934 1371 
48 48 1882 1242 
30 40 1857 1202 
48 48 2014 1380 
34 69 1998 1380 



























































Process parameters are given in Tables 4.5 and 4.6 






























STAB CON'I' EFF S'I'AB CONT 
5;1 13,4 23 37 26 
I - 11,6 25 35 26 
5,0 14,5 25 34 25 
I 5,8 11,9 25 36 27 6,9 12,7 26 38 29 
4,0 10,3 27 39 49 
6,6 24 33 26 
4,7 13,5 21 34 26 
1,9 7,5 21 27 20 
2,9 9,3 17 24 19 
7,5 13,1 17 22 17 
4,1 9,8 17 23 18 
5,5 10,2 18 24 19 
6,6 8,6 19 25 19 
10,2 12,3 18 26 17 
4,1 10,8 18 26 18 
4,1 11,3 18 27 20 
1,7 10,4 21 29 23 
2,6 10,9 19 25 20 
5,1 7,5 18 24 19 
5,8 10,1 18 24 19 
5,2 10,5 11 21 16 
3,9 6,4 17 19 16 
2,1 6,2 19 31 23 
2,8 10,2 25 36 28 





































TABLE A.3 DAILY EXPERIMENTAL RESULT'S FOR Rs = 6 days 








































s c· s c 1 E s c E 
38 54 1963 1337 44 11,1 5,3 . 8,8 16 
70 86 1999 1337 59 13,3 4,6 13,5 1·, 
58 61 2088 1428 58 12,2 3,0 11,2 18 
46 52 2025 1389 59 lJ,3 8,3 14,9 21 
46 43 2107 1436 49 20,9 1 14,1 25 
52 65 2120 1460 50 8,2 1,8 14,5 25 
34 37 2145 1461 61 9,4 2,1 12,5 26 
43 81 1930 1318 60 25,0 15,0 25 
25 
49 56 2131 1468 67 22,5 20,7 27 
62 71 2294 1543 68 19,6 20,7 32 
49 65 2281 1609 34 7,7 27 
52 46 2277 1639 32 16,3 8,2 13,4 15 
34 44 2213 1496 32 14,1 6,9 9,5 16 
61 54 2188 1530 46 15,2 8,0 11,6 19 
45 51 2025 1428 49 i4,o 5,3 12,4 18 
52 55 2195 1510 50 14,6 3,7 11,2 19 
36 45 2143 1464 41 14,8 7,7 14,o 20 
44 48 2291 1610 48 13,7 6,2 11,6 19 
75 63 2216 1509 50 13,5 14,2 18,5 17 
42,3 39 2363 1714 51 5,0 22 
44 50 2278 1617 47 13,3 5,0 9,7 
50 53 2212 1505 44 12,2 3,5 11,1 23 
47 53 2202 1571 41 17,7 4,3 12,6 21 
44 53 2346 1581 48 13,3 5,0 6,9 21 
50 44 2346 1594 55 7,6 5,3 14,8 22 
44 44 2286 1535 54 12,2 5,8 12,3 21 
51 51 2369 1647 50 15,2 7 ,7 16,2 22 
48 64 2314 1581 56 17 ,7 8,7 17,8 22 
48 61 2284 1778 56 17 ,3 4,o 9,6 23 
48 2042 1369 48 16,7 6,2 15,5 23 
59 66 2223 1545 53 15,2 5,8 14,4 23 
58 68 2429 1775 51 i6;r 7,3 14,7 25 
2~26 1728 46 16,3 5,8 14,7 23 
49 55 2206 1531 50 14,9 6 13,5 22. 
Process rarameters are given in Tables 4.1 ani 4.2 






































c s c 
19 . 23 .32 
18 25 31 
; 
20 25 30 
24 24 30 
29 2Q 30 
29 28 33 
27 25 3: 
22 26 32 
28 
30 31 35 
30 32 37 
32 39 
14 23 31 
18 25 30 
20 21 26 
19 20 26 
19 24 32 
20 25 33 
13 26 35 
21 
21 22 34 
19 26 
22 24 36 
22 19 27 
21 23 32 
22 28 41 
22 28 35 
22 25 38 
20 27 35 
25 21 30 
24 22 35 
22 . 22 37 
22 ~4 3'.? 
22 26 35 




















EFF STAB CONT 
70 61 74 
59 66 56 
70 67 77 
91 72 75 
78 56 82 . 
69 46 53 
70 58 58 
71 - 71 
83 70 83 
86 66 55 
78 - 29 
78 74 74 
75 64 69 
DAILY EXPERIMF:ll'l'AL RESULTS 

































Process parameters nr~ given in Tables 4.1 and 4.2 
Data is plotted in Figs 4.16 to 4.19 inclusive 
A.) 
TKN 
Itl EFF STAB CONT 
110 31 28 30 
54 32 27 30 
5·r 34 35 39 
51 43 35 33 
53 45 40 37 
42 44 44 42 
42 45 34 36 
61 44 44 45 
57 46 li6 52 
58 50 5li 55 
66 53 53 51 
62 44 46 45 
5h 43 41 41 
A.6 
TABLE A.5 EXPERD4ENTAL OBSERVATIONS FOR 24 HOUR TEST. 
Pump COD TKN NITRATE vss O.D. 
Time Rate 
9./d c s E c s E c s E c s c s 
0000 11 62 49 54 2,6 2,1 5,7 21 22 19 1569 1883 43 18 
1000 18 41 20 
2000 20 51 55 52 . 3,4 2,6 5,3 20 21 20 43 22 
3000 22 42 19 
4000 36 74 51 70 4,o 2,6 6,3 19 22 20 41 21 
5000 36 42 23 
6000 41 77 51 67 7,4 3,6 6,3 16 22 16 1400 2014 43 28 
7000 43 40 28 
8000 46 83 43 81 7,9 2,5 9,3 15 22 15 40 28 
9000 49 41 29 
1000 54 90 54 97 8,0 o,6 10,3 13 21 13 41 32 
1100 57 38 32 
1200 58 81. 49 107 8,2 3,0 11,3 13 22 13 1345 2138 43 32 
1300 57 41 32 
1400 55 83 56 81 10,4 4,1 9,9 . 12 21 13 37 31 
1500 54 40 36 
1600 49 72 39 116 I 8,7 1,0 8,7 14 21 13 
42 29 
1700 43 42 28 
1800 39 75 43 97 7,4 3,4 8,1 15 21 14 1290 1779 38 29 
1900 37 39 28 
2000 27 68 45 76 6,o 2,4 7,4 16 21 15 43 26 
2100 19 38 25 
2200 17 67 43 77 8,2 2,7 4,6 18 21 17 40 22 
2300 12 41 22 ... 
2400. 11 70 50 61· 3,0 1,4 5,0 20 22 19 1737 1819 42 18 
Flow Pattern Sine Wave 
Process parameter given in Tables 4.1 and 4.2 
8t1 503 mg COD/9. Raw sewage ex Strandfontein, Cape ~own 
Nti 38 rr.g N/9. 
Rs 6 days 
T 20° c 
pH 7,2 
Experimental data plotted in Fig. 4.20 
A.7 
TABLE A.6 EXPERIMENTAL OBSERVATIONS FOR 24 HOUR TEST. 
Pump 
COD TKN NITRA'l'E vss O.D. 
Time Rate 
(mg/R. (:ng/R. (mg/R. (mg/R. (mg/R./hr) 
R./d 
c s E c fl, E c s E c s c s 
0000 i 56 53 63 8,7 4,0 9,4 18 22 18 1580 1940 42 21 
0100 18 38 :::2 
0200 -- 55 53 81 8,6 4,0 11,9 18 23 18 1580 1960 43 21 
0250 42 26 
0300 86 61 108 15,2 3,9 13,0 14 22 17 1240 1970 '•l 29 
0350 
0400 97 51 90 15,7 3,9 15,4 13 22 14 43 31 
0500 42 31 
0600 88 57 112 16,3 4,6 16,6 14 22 13 42 31 
0700 54 40 32 
0800 96 57 112 16,2 5 ,4' 19,2 15 25 14 '1270 2120 ~o 34 
0900 42 34 
1000 73 52 113 16,3 4,3 19,0 15 24 14 38 34 
1100 38 34 
1200 79 48 100 14 .7 4 ,7 17 ,6 15 23 14 1350 2160 36 34 
1300 38 34 
1400 - '- 92 56 102 14,3 5,0 18,2 15 23 13 1330 2170 36 34 
1450 39 29 
1500 55 50 102 8,7 3,2 16,2 20 23 14 1670 2050 38 28 
1550 40 26 
1600 61 52 78 8,3 3,6 13,7 20 23 15 39 25 
1700 38 23 
1800 65 50 72 7,9 3,7 11,3 20 23 17 38 23 
1900 18 38 21 
2000 65 54 80 7,6 3,9 9,9 20 23 18 1640 2040 40 21 
2100 41 22 
2200 61 51 69 7 ,7 4,o 9,7 17 21 18 38 22 
2300 40 22 
2400 56 53 63 8,7 4,o 9,4 18 22 18 I 1580 1940 42 21 I 
Flov Pattern Square Wave 
Process parruaeters given in Tables 4.1 and 4.2 
3ti 
500 mg COD/~. 
Rav sewage ex Strandfontein, Cape Town. 
Nti ~6 mg N/R. 
Rs 6 days 
T 19 ,5° c 
pH 7,2 
Experir.:::nt.al data plotted in Fig. 4.21 
A.8 
'I'ABLJ•: A. ·r 'l'F.Ml'1':i1J\TUEE J\NJ) pl! HEADINGS 'l'J\KEN 
'l'EMf'EHA'I'lJRE pH 
'l'IMF: 
CON'l'J\CT S'l'J\ll HJ\SI'.: SQUAHE CONTACT S'l'AB 
t'LOW FLOW 
0000 19,5 19,?.5 21 ,0 7,5 7,2 
0100 19,5 19,25 20,0 
0200 19,5 19,00 20,0 19,5 7,6 7,2 
0300 19,5 19,25 20,0 20,5 
01~00 19,5 19,25 20,0 19,5 7,6 7,2 
0500 J9,5 19,25 20,0 19,5 
0600 19,5 19,25 20,0 20,0 7,5 7,2 
0700 19,5 19,25 20,5 20,0 
0800 19,5 19,25 20,5 20,0 7,5 7,3 
0900 19,5 19,5 20,5 20,0 
1000 19,5 19,5 20,0 20,0 7,5 7,2 
1100 19,75 19,5 20,0 20,0 
1200 19,75 19,5 20,0 20,0 7,3 7,3 
1300 19,75 19,5 20,5 20,0 
1400 19;r5 19,5 20,5 20,0 7,4 ·t ,3 
15::;::> 19, 75 19,5 20,0 
1600 19,75 19,5 20,0 7 ,4 7 ,4 
1700 19,5 19,5 20,0 
1800 19,5 19,5 20,0 7,4 7,2 
1900 19,5 19,5 20,0 
2000 19,5 19,5 20,0 I 7 ·'' 
7,2 
2100 19,5 19,5 20,0 
2200 19,5 19,5 20,0 7,4 7,2 
2300 19,5 19,5 20,0 
2400 19,5 19,5 20,0 7,4 7,2 
B.l 
A P P E N D I X B 
LISTING OF COMPUTER PROGRAMS 
These programs were adapted from the general model of Ekama and Marais 
(1978), which included for denitrification. 
Computer programs in Fortran IV and V, performing the following functions 
in the contact stabilization model are listed below. The model listed 
























Main program for the contact stabilization 
model. 
Subroutine which calculates the dynamic 
response in the contact reactor. 
Subroutine which calculates the dynamic 
response in the stabilization reactor. 
Subroutine which calculates the steady 
state s6lution ~r initial conditions. 
Subroutine which calculates the dynamic 
response of the settling tank. 
Subroutine which converts binary represen-
tation to octal representation. 
Program which plots out the theoretical 
dynamic response of the process. 
· Program which plots out the experimentally 
observed data. 













1. MAIN PROGRAM FOR CONTACT STABILIZATION PROCESS (CYCLIC) 
1.1 Description 
This program calculates the space-time varying response behaviour of 
the contact stabilization process. 
of the program see Section 3.5. 
For an exposition of the properties 
The program utilizes five subroutines - CONTAC, STABIC, PARNTC, 
SETLEC and CHAR, and their respective functions are given in the 
Tables above. To take account of the extra mass loadings on the system 
when both the influent flow and sewage strengths vary diurnally, the 
steady state solution is adjusted by a factor [see lines (4.22 to 4.27)]. 
1.2 Input of Data 
All the input data is read in at lines 120 to 134 and at 228 to 231. 
Except for the first line, all the data is read in free format. An 
example of the input data layout for this program is given in data 
element CYDATAl (page B.41). From this data the program calculated 
the theoretical response waves for the sine wave 24 hour test shown 
in Fig. 4.30. The nomenclature is given in comment statements in 
the program lines 1 - 80, 149 - 225 and 438 - 484. 
Data Card 1 (line 122) 
Column 1 
2 
3 - 6 
7 - 8 
9 
11 - 15 
TYPE - whether sine, square wave or general load wave pattern. 
RESULT - output numerically, graphically or both. 
KOM - start time of 24 hour cycle. For square wave this 
should be two hours before feed commencement. For sine 
wave the peak flow occurs 14 hours after this value. 
is essential for compatibility between this program and 
the plot program. 
TN - test number. 
This 
NITDEN - whether process includes denitrification, or not. 
CRIT ~convergence criterion - maximum error, as a fraction 
of the particular integral, between two consecutive days 
results. 
B.3 
Data Card 2 (line 126) - 3,14159 
Data Card 3 (line 127) 
Average influent flow COD, TKN and nitrate concentrations 
and their respective amplitudes. 
Data Card 4 (line 130) 
Kinetic constants. 
Data Card 5 (line 131) 
Kinetic constants. 
Data Card 6 (line 132) 
Sludge age, recycle ratio, number of reactors in series, 
number of integration steps per day, then sewage charac-
teristics and more kinetic constants. 
Data Card 7 (line 133) 
Temperature and pH dependency coefficients, temperature 
and pH of mixed liquor. 
Data Card 8 (line 134) 
Time of sludge wastage period commencement, time of 
sludge wastage period termination, and the volume of 
the reactor. Note that ICSD and ISSD must both 
fall within the selected 24 hour cycle*. 
* Sludge wastage cannot occur when the influent flow rate is less 
than the calculated waste flow rate. Should this occur the waste 
flow rate is set equal to the influent flow rate. This adjustment 
will, in effect, increase the sludge of the yrocess. 
/ 
Data Card 2 (line 129) 
Volume of influent per day, influent COD, TKN and No
3 
concentrations during peak flow period, base flow rate, 
influent COD, TKN and N0
3 
concentrations during base 
flow period, length of peak flow period. 
Data Cards 3 to 7 
* Same as Cards 4 to 8 for sine wave pattern . 
Data Cards 2 to 6 
* Same as Cards 4 to 8 for sine wave pattern . 
Data Cards 6 to n (lines 228 to 231) 
B.4 
Hourly values for influent flow, COD, TKN and N0
3 
con-
centrations - 25 values for each are required, the first 
and last of each being the same. 
2. THEORETICAL RESPONSE WAVE PLOTTING PROGRAM (PLOTTER) 
This program, called PLOTTER, is listed on p. B.32. It is based on 
the CALCOMP plotting software. The programme reads the theoretical 
respor.se calculated by CYCLIC and produces a diagram of the theoretical 
respor.se waves, e.g. Fig. 4.30. The input data required by this 
program is read in at lines 21, 23, 25, 31, 35, 45 and 52. The input 
data required at line 21 is given in PLATA (p. B.41) and is used for 
drawing the outlines on the diagram. The remaining input data is all 
generated and written in the required format in a temporary file by 
CYCLIC. This is done in CYCLIC at lines 953 to 1021 and required 
that temporary unit number 18 is assigned to the runstream. 
* See footnote on previous page 
B. 5 
This program requires on subroutine (other than the CALCOMP soft-
ware) i.e. EOT (p. B.40). This subroutine is required if the final 
diagrams are to be written to magnetic tape to allow the diagrams 
to be plotted on different plotting hardware. It is an assembler 
routine which marks the tape with an End of File marker after each 
execution of the program. 
3. EXPERIMENTAL RESPONSE WAVE PLOTTING PROGRAM (GRAFS) 
This program called GRAFS is listed on p. B.36. It is also based 
on the CALCOMP plotting software. The program reads the experimental 
data observed during a 24 hour test and produces a diagram of the 
experimental response waves, e.g. Fig. 4.20. The input data required 
by this program is read in at lines 22 to 53. The data required at 
line 23 of the program is given in PLATA (p. B.41) and is used for 
drawing the outlines on the diagram, in the same fashion as PLOTTER. 
The remaining input data constitutes the experimentally observed 
data during a 24 hour test. An example of the input data layout is 
given in element CYPDATAl (p. B.42) and is the experimental data 
observed during the sine wave test (Fig. 4.20). 
A description of the input data follows. 
Data Card 1 (Format 101, line 26) 
Column 1 
2 - 5 
6 - 8 
9 - 12 
13 - 16 
17 - 20 
21 - 22 
23 - 24 
25 
TYPE - whether sine, square or general load wave pattern 
(see lines 148 to 151 of SERIES.CYCLIC) 
SAGE - sludge age 
ICOD - influent COD concentration 
ITKN - influent TKN concentration 
TEMP - temperature 
PH - pH of the mixed liquor 
TN - test number 
NR - number of reactors 
NITDEN - whether system includes denitrification or not 
(see lines 203 - 205 of CYCLIC) 
B.6 
I 
Data Cards 2 to 62 (lines 27 to 53) 
All these data are read in at free format. See Table B.l 
for an explanation of the symbols and how the data are 
read in. 
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EXAMINATIONS WRITTEN TO COMPLETE THE 
REQUIREMENTS OF THE DEGREE 
CREDIT SYMBOL 
EXAMINATION YEARS PASSED RATING OBTAINED 
CE 522 A~uatic Chemistry June 1978 T!. 2 1 
CE 513 Wastewater Treatment July 1978 71 2 1 
CE 502 Low Cost Sanitation December 1978 .5 l* 
THESIS CONTACT STABILIZATION 
ACTIVATED SLUDGE PROCESS 20 
TOTAL 40 
NO OF CREDITS REQUIRED 40 
* PROVISIONAL RESULT 
UNIVERSITY OF CAPE 'ID'WN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION : JUNE 1978 
CE 522 : AQUATIC CHEMISTRY 
Answer AIL questions. 
1 (a). 
-4 -3 5, 10 rrole/l of NH3 and lo moles/1 of co2 are added to pure water. 
(p~+ = 9,10; Pkg CO = 6,37; PlJrco- = 10,33). 
4 2 3 3 
i. Determine the pH established in the mixture. 
ii. Discuss (using appropriate sketches) the buffer capacity of this 
mixed system. 
(b) • 
Write brief notes of not rrore than 100 words on the follcwing topics :-
i. Alkalirretric titrations and buffer capacity. 
ii. Equivalence points and equivalent solution. 
iii. Mass pararreters for weak acid systems in water. 
iv. Stabilized water. 
2 (a). 
Analysis of a water gives Alkalinity 30 ppm tas caco3}, pH 6,2,'µ = 0,005 
and terrperature 20°c. 
It is required to strip the carbonate species from the water byrenoving 
co2 tm.der reduced pressures. Determine the pH of the water after co2 
has been stripped. What mass concentration of co2 is rem:::>ved ? 
(b). 
Waters from two sources are blended as in the table given belcw. 
,1 (Assurre all these waters have the sarre conic strength and temperature 
i.e. 0,005 and 20°c respectively). 
i. Dcterm.ine the condition of the blend. 
ii. Is the blend stable ? 
iii. If the blend is not stable, enurrerate the alternative rrethods 
one could enploy to obtain a stable blend. 
Alk. Ca 
WATER SOUR:E pH (ppm on Caco3) PARTS IN BLEND 
A Groundwater 6,4 70 75 2 
B Softened 11,1 50 50 3 
water 
3. Analysis of a water fran a dolanitic region gives : 
ca 300 ; A1k 200 ; Mg 100 (all in ppm expressed as Cam3) ; 
0 pH 6,90 ; µ = 0,01 and temperature 20 C. 
It is required that after softening and stabilization the nagnesium 
and calcium concentrations are 20 and 140 ppm as caco3 respectively. 
i. Determine the mass concentrations of Ca(OH}
2 
and Na2co3 required in 
the softening process. 
ii. Determine the mass concentrations of ca (OH) 2 and co2 required to 
restabilize the water. 
iii. Sketch the plant layout:. . 
4 (a). 
Analysis of a cypical cape water after colour rerroval gives 
Total Alkalinity O,Hco3 Acidity 12, ca*4(all in ppm as cam3) and 
pH = 5,4. 
i. Is this analysis in any way contradictory ? 
ii. If so, what is the probable source of error and what is the nost 
likely initial condition of the water ? 
4 (b). 
It is required to stabilize the water in (a) above using lime 
and co2, determine the required dosages of these chemicals. 
Comrrent critically on the pros and cons of the final condition of 
the water. 
UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION - JULY 1978 
CE 513 - WASTEWATER TREATMENT 
To be collected after 09h00 on 28th July 1978 and returned before 
17h00 on 31st July 1978. The attached affidavit to be signed by 
the student on receipt of the examination script. 
ANSWER ALL QUESTIONS 
r~1JESTION 1 
An activated sludge plant is to be built for a town with a popul,,-
ation of about 20 000 people. The data listed in the table below: 
is available as representative of the flow and load conditions- to 
be expected at the main sewer outfall of the town. At present 
the process is to be operated on the completely mixed princi~le 
including nitrification. The wastewater is well buffered and has-
a pH of about 7,2. As the wastewater principally is of domestic 
origin, assume a specific growth rate of nitrosomonas l~nml of 
0,50 per day. 
RAW SEWAGE 
TIME FLOW COD TKN (MQ./d) (mgCOD/Q.) (mgN/Q.) 
0600 1,10 248 30,2 
0800 2,35 213 24,9 
1000 4,60 412 55,1 
1200 5,85 567 60,5 
1400 5,70 625 54,9 
1600 5,00 620 54,9 
1800 4,50 576 51,8 
2000 4,25 536 45,3 
2200 3,95 480 42,8 
2400 3,80 442 42,3 
0200 3,40 389 35,8 
0400 2,00 323 31,1 
0600 1,10 248 30,2 
a) Assuming steady state conditions : 
i} Design the plant for sununer conditions (__20°C). at a sludge age 
of 15 days and an MLVSS concentration of 4000mgVSS/?.,. 
ii). Check your design for winter conditions (J.2°C l. 
iii} Make a comparison, in tabular form, of the average effluent 
ciuality, oxygen demand and sludge concentration during summer 
and winter months. 
iv) Estimate the minimum fa6tor of safety with respect to nitri-
fication. 
2 
b) Estimate from the influent loading variations given in the Table, 
the peak and minimum total oxygen requirements during sillmner and 
winter. 
c) Assume·that instead of a single reactor, three reactors of equal 
volume are built. Describe qualitatively with the aid of sketches, 
how the process variables such as oxygen demand, nitrate, TKN, 
filtered COD and MLVSS concentrations vary over the day through the 
plant at 20°C. 
QUESTION 2 
The waste sludge of the above plant is to be thickened by flotation to 
4%, prior to aerobic digestion. Design the flotation system, presenting 
your final design in the form of sketches to scale on graph paper. 
QUESTION 3 
Design an aerobic digestor for .the thickened sludge on the basis that the 
digested sludge may not be discharged to the drying beds unless the active 
fraction is less than 25%. The design may be based on steady state cond-
itions at 20°C. Nitrification must be included in your design. 
QUESTION 4 
As an alternative scheme to that given in Questions 1,2 and 3 above, invest-
igate a design of an activated sludge process at 20°C, operating at a very 
long sludge age, so that thickened waste sludge (also by flotation1 may be 
directly cischarged to the drying beds Ci.e. active fraction of the sludge 
less than 25%) without the use cif aerobic digestion. Do not design the 
flotation system. 
a) Assuming steady state conditions, determine 
i) the required sludge age; and 
ii) 
b) 
the reactor volume given that X is also 4 000 mgVSS/Jl. v 
i) Compare the oxygen and volume requirements of the two schemes 
(exclude the flotation plant in the comparison as both. schemes 
require this unit process 1. 
ii) Which of the two schemes is the better in terms of phosphorus 
removal ? Discuss with the aid of calculations. 
c) Write down briefly your conclusions on the comparison of the two 
schemes. 
QUESTION 5 ..... /3 
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QUESTION 5 
For an activated sludge plant, determine the average total power 
requirements of the aeration of the mixed liquor, for the following 
conditions. The volume of the aeration basin is 1,65 M£ and the 
average total oxygen demand is 48 rrigO/ £/hr. Assuming that mechanical 
aerators are to be used with an oxygen transfer rate of 2,44 KgO/Kwh 
under standard conditions, what power, meas'ured at the shaft, needs 
to be supplied for the following conditions? 
At the proposed site 
Atmospheric pressure = 725 mm .Hg 
Temp.erature = 21 °c ; an oxygen concentration in the reactor Of 
3 MgO/£, (to ensure nitrification) is to be maintained. 
The a and S values for the mixed liquor are estimated to be 0,8 and 
0,9 respectively. 
QUESTION 6 
A cannery has an effluent flow of about 1 500 m3/d during the main 
canning season. The daily averaged BOD is approximately 700 mg/d; 
phosphorus and nitrogen concentrations are negligible. The cannery 
operates at peak production for about 4 months of the year during 
the summer when the flow and BOD given above are applicable. For 
the rest of the year the load and flow are less. An aerated lagoon 
system has been proposed to treat the waste stream. It is essential 
that the effluent from the system must have volatile solids and BOD 
concentrations as low as possible, but no settling rank or maturation 
pond system following the treatment works are envisaged. 
With the objective of satisfying the conditions above, design and 
compare the following two solutions : 
i) A single lagoon with a retention time of 10 days; 
ii) A system of two lagoons in series, the first having a retention 
time of 2 ,5 days; the second a retention time of 7 ,5 daya-. 
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Do ALL Questions 
QUESTION l 
a. Discuss the biochemical and feacal bacterial degradation kinetics 
in facultative ponds, with particular reference to wind, temperature 
and radiation effects and the influence of raw and anaerobic 
pretreated i~fluents. 
b. Discuss the design of a septic tank-french drain disposal system 
for waste waters from individual houses. 
QUESTION 2 
Write an essay on the problems associated with the prov1s1on of water 
supply and an acceptable form of sanitation for low cost housing areas. 
The discussion should include a comparison of the different forms of 
sanitation that have been used in Africa. 
QUESTION 3 
Discuss the approach .you would take and the factors to be considered when 





Design an oxidation pond system to treat the effluent from a low cost 
housing township in the lowveld of the Transvaal. 
Present population 
Estimated future population 
Sanitation provision 
Estimated waste flow/capita/day 




Regular waterborne flush 
system to sewers 
50 - 90.Q, 
0,04 kg 
The pond system is to consist of (a) 
( b) 
(c) 
a grit channel 
Open anaerobic lagoons 
Primary, secondary and tertiary 
facultative ponds. 
Design the system making you~ own estimates of the factors required in the 
design. Provision to minimize odours from the anaerobic lagoon is to be 
built into the design. 
QUESTION 5 
a. List the conditions that must be satisfied for data to be normal 
distributed. 
b. Under what conditions do you expect data to be log-normal distributed ? 
Illustrate wi~h at least 3 examples giving your evaluation of the 
causes in each case. 
c. Give the various measure~ of central tendency of a distribution 
and discuss their efficiency. 
A random sample of 20 apples was taken from a 11 the apples picked 
from a single tree, listed below in ranked arbitrary mass units. 
11' 14' 15' 18, 18' 20, 20, 22, 22' 22' 
26, 26, 27, 30, 30, 32, 36' 38' 40, 70 
If you would wish to compare this tree's production with another, 
what measure of central tendency would you select ? If you would 
wish to determine the average mass of the apples of this tree 
would you use the same measure ? Determine with the aid of 
graphical statistics the answers to your selected measures. 
/3 .... 
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QUESTION 5 (continued) 
d. The following two sets of data were obtained on the concentration 
of E.coli in the effluent from a facultative oxidation pond during 
the winter and summer season respectively. 
Winter : < 300, 400, 17 000, 12 000, 2500, 
1000, 700, > 20 000, 6000, 3500, 
2500, 1400, 9000, 7000, 1400, 
> 20 000, 4000. 
Summer 440, 800, 1000, 1260, 1600, 
1800, 2400, 2800, 4000, 6000. 
Test using graphical statistical techniques if the selected 
statistical mean values of these two distributions are significantly 
different at 96% level of significance. 
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